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ADVERTISEMENT 


TO     THE    THIRD     EDITION. 


TvURING  the  preparation  of  a  new  edition  of  this 
^  volume  for  the  press  several  important  additions 
have  been  made,  which  it  may  be  useful  here  to  mention. 

In  the  opening  chapter  some  general  remarks  have  been 
introduced  upon  the  nature  of  Atoms,  Equivalents,  and 
Molecules.  The  principle  upon  which  the  elements  are 
classified  according  to  their  atomic  tendency  is  also  ex- 
plained ;  and  a  tabular  classification  of  the  elements  in 
accordance  with  this  view,  including  the  requisite  changes 
in  the  numbers  representing  their  atomic  weights,  is  given. 

In  cases  where  the  new  atomic  weights  have  been 
adopted,  the  fact  is  indicated  in  the  formulae  by  representing 
them  by  italic  symbols.  Any  formula  in  which  this  nota- 
tion is  adopted  can  be  converted  into  the  old  notation  by 
multiplying  the  numbers  of  atoms  indicated  by  the  italic 
symbols  by  two;  for  example,  with  the  symbols  which 
represent  the  new  atomic  weights  for  carbon  and  oxygen, 
acetate  of  potassium  is  written  KC^HgOg,  but  it  is  at  once 
converted  into  the  corresponding  formula  on  the  old 
Dotation,  KC4H3O4,  by  doubling  the  numbers  which  indi- 
cate the  number  of  atoms  of  carbon  and  hydrogen. 

In  the  chapter  on  adhesion  is  included  a  sketch  of 
Graham's  researches  on  Dialysis  and  on  Liquid  Transpira- 
tion. In  the  chapter  on  Light,  a  tolerably  full  account  of 
the  recent  discoveries  in  the  spectrum  is  given,    lu  l\i^ 
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chapter  on  Heat,  an  account  of  Regnault's  researches  on 
the  Specific  Heat  of  Gases  and  Vapours,  as  well  as  of 
Tyndall's  on  the  diathennacy  of  those  bodies,  is  inserted. 
The  experimental  results  of  Regnault  on  Specific  Heat 
generally,  and  of  Andrews  and  others  on  the  Heat  of 
Combination,  have  also  been  introduced  into  this  chapter, 
they  having  been  transferred  from  the  third  volume  of 
the  work  in  order  that  the  reader  may  have  before  him, 
in  a  connected  form,  the  phenomena  of  heat  which  are 
referred  to  in  this  treatise. 

For  a  similar  reason  the  results  of  Electrolysis,  hitherto 
treated  at  the  end  of  the  Second  Volume,  apart  from  the 
general  phenomena  of  Electricity,  have  been  introduced 
into  the  chapter  on  Voltaic  Electricity,  immediately  after 
the  laws  of  Electrolysis  have  been  explained.  This  altera- 
tion, although  it  somewhat  increases  the  bulk  of  the  pre- 
sent volume,  will,  it  is  hoped,  add  much  to  the  convenience 
of  those  who  may  have  occasion  to  consult  it. 

Besides  the  larger  additions  already  enumerated, 
various  others  of  less  importance  have  been  made 
throughout  the  work,  which  has  been  carefully  revised 
with  the  view  of  placing  before  the  reader,  as  far  as  may 
be,  a  representation  of  the  present  state  of  the  different 
branches  of  science  of  which  it  treats. 


King* 8  College,  London,  August,  1863. 


ADVERTISEMENT 


TO     THE    FIRST     EDITION. 


THHE  work,  of  which  the  First  Part  is  now  presented  to 
-*"  the  Reader,  was  originally  designed  to  supply  the 
Students  who  were  attending  the  Course  of  Lectures  on 
Chemistry  at  King's  College  with  a  text-book  to  guide 
them  in  their  studies. 

The  present  Part,  on  Chemical  Physics^  is  devoted  to  a 
subject  upon  which  no  elementary  work  has  appeared  in 
this  country  since  the  publication  of  the  excellent  Treatise 
of  the  late  Professor  Daniell,  and  in  attempting  to  supply 
what  the  Author,  in  his  own  experience,  has  felt  to  be  a 
want,  he  ventures  to  hope  that  the  result  of  his  labours 
may  be  found  useful  to  persons  beyond  the  circle  of  his 
own  immediate  Class.  Much  new  matter,  which  has  never 
yet  been  reduced  to  a  systematic  form,  is  now  presented 
to  the  Student,  particularly  in  the  chapters  on  Adhesion^ 
on  Heat^  and  on  Voltaic  Electricity. 

It  is  proposed  to  complete  the  work  in  Three  Parts. 
The  Second  Part,  which  will  be  devoted  to  Inorganic 
Chemistry^  is  expected  to  be  ready  by  the  end  of  the 
present  year  ;  and  the  Third  Part,  which  will  embrace 
Organic  Chemistry^  in  the  spring  of  next  year. 

As  the  author  was  originally  a  pupil  of  Professor 
Daniel],  and  was  subsequently,  for  several  years,  associated 
with  him  as  Lecturer  on  Chemistry,  it  has  happened  that 
in  some   of  the  subjects  treated  of  in  this  volume,  the 
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thoughts  and  mode  of  arrangement  resemble  those  adopted 
by  that  distinguished  philosopher  in  his  Introduction  to  the 
Study  of  Chemical  Philosophy. 

The  second  Edition  of  that  work  was  published  so  far 
back  as  1843;  ^^^  ®ven  if  the  work  itself  had  not  been 
long  out  of  print,  the  progress  of  science  would  have 
detracted  greatly  from  its  utility  as  a  text-book.  The 
adaptation  of  that  work  to  the  systematic  teaching  of  the 
present  day  would  have  involved  changes  of  an  extensive 
character :  moreover,  every  teacher  who  takes  an  interest 
in  the  progress  of  his  class  has  his  own  views  and  methods. 
The  Author,  therefore,  judged  it  better,  after  much  con- 
sideration, to  bring  out  a  new  work,  leaving  untouched 
that  of  his  late  Master  as  the  true  exponent  of  his  views 
upon  some  of  those  branches  of  science  which  his  researches 
had  contributed  to  advance  and  adorn. 

The  Author  cannot  omit  to  avail  himself  of  the  present 
opportunity  of  expressing  his  obligations  to  his  friend,  Mr. 
C.  Tomlinson,  for  many  valuable  suggestions,  and  for  the 
warm  interest  which  he  has  taken  in  the  progress  of  the 
work,  but  more  especially  for  the  devotion  of  no  incon- 
siderable portion  of  time  and  labour  to  the  revision  of  the 
proof-sheets. 


King^s  College,  London,  March,  1855. 
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ELEMENTS  OE  CHEMISTEY. 


PART  I. 
CHEMICAL   PHYSICS. 


CHAPTER  I. 

PRELIMINARY   VIEW   OF  CHEMICAL   ATTRACTION — LAWS   OP 

COMBINATION. 

(i)   Chemical  Distinction  of  Bodies  into  Elements  and  Com 
pounds. — Modem  science  has  shown  that,  numberless  as  are  the 
substances  presented  to  us  in  the  daily  experience  of  life,  there  are 
Tery  few  which  cannot  be  separated  into  other  substances  of  a  less 
complicated  nature,  which  enter  generally  into  the  formation  of 
the  Tarious  bodies  with  which  we  are  familiar.     For  example,  the 
wood  of  our  tables,  the  paper  on  which  we  write,  the  pen  which 
records  our  thoughts,  are  each  separable  into  three  or  four  distinct 
flubstances;    namely — oxygen,  hydrogen,   carbon,   and   nitrogen; 
from  wliich,  however,  further  efforts  fail  to  extract  other  simpler 
finrms  of  matter.     It  is  the  province  of  chemistry  to  ascertain  the 
nature   of  these  different  component  substances,  to  trace   their 
mutual  actions  on  each  other,  to  effect  new  combinations  of  these 
components  with  each  other,  and  to  define  the  conditions  under 
which    the   combinations    existing    around    us    are   producible. 
Bodies  which  have  hitherto  resisted  all  attempts  to  resolve  them 
into  simpler  forms  of  matter  arc  in  chemical  language  termed 
elements,  or  simple  substances.     In  popular  language,  the  word 
element  is  often  referred  to  fire,  air,  earth,  and  water.     A  very 
alight  acquaintance  with  chemistry  is  sufficient  to  prove  that  air, 
earthy  and  water  are  compound  bodies,  and  that  fire  is  mainly  the 
result  of  a  high  temperature  on  certain  bodies. 

Simple  or  elementary  substances,  then,  are  limited  in  number. 
In  the  present  state  of  the  science  only  sixty-three  are  known. 
(12)  Many  of  these  are  familiar  to  us  in  the  form  of  metals, 
Mch  as  gold^  silver,  copper,  iron,  lead,  tin,  and  mercury.    TlViece 
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are  oilier  simple  substances  which  are  equally  familiar^  but  which 
have  no  resemblance  to  the  metals ;  such  as  charcoal,  sulphur,  and 
phosphorus.  Some  simple  substances  exist  in  the  form  of  air  or 
gas.  Such,  for  example,  are  the  two  essential  components  of  the 
atmosphere,  oxygen  and  nitrogen. 

Simple  substances  have  been  divided  into  two  great  classes — 
non-metallit*  and  metallic.  The  substances  comprised  in  the  latter 
class  are  the  more  numerous,  but  those  in  the  former  are  the  more 
abundantly  distributed. 


Tlie    elements 

enumerated  as 

non-metallic  are  foui 

number — viz.. 

Oxygen 

Chlorine 

Sulphur           Boron 

Hydrogen 

Bromine 

Selenium         Silicon 

Nitrogen 

Iodine 

Tellurium 

Carbon 

Fluorine 

Phosphorus 

Of  these  substances,  oxygen,  hydrogen,  nitrogen,  chlorine,  and 
probably  fluorine,  are  gaseous ;  bromine  is  liquid,  and  carbon,  iodine, 
sulphur,  selenium,  tellurium,  phosphorus,  boron,  and  silicon,  are 
solid  at  ordinary  temperatures. 

All  natural  objects  consist  either  of  simple  bodies,  or  they  are 
composed  of  two  or  more  of  these  simple  bodies  united  according 
to  certain  rules  or  laws  which  form  the  groundwork  of  the  science 
of  chemistry.  Substances  thus  produced  by  the  union  of  two  or 
more  elements  are  termed  compound  bodies.  These  compounds 
have  in  general  no  more  resemblance  in  properties  to  the  elements 
which  have  united  to  form  them,  than  a  word  has  to  the  letters  of 
which  it  is  made  up. 

(2)  Differences  between  Physical  and  Chemical  Properties. — 
The  properties  which  characterize  objects  in  general  may  be  classed 
under  two  heads,  viz.,  physical  and  chemical. 

The  physical  properties  of  an  object  are  those  which  refer  to 
its  condition,  whether  solid,  liquid,  or  gaseous.  Crystalline  form, 
specific  gravity,  hardness,  colour,  transparency,  or  opacity,  and  the 
relations  of  the  object  to  heat  and  electricity,  are  physical  proper- 
ties. Physical  properties  are  independent  of  the  action  which  the 
body  exerts  upon  other  bodies ;  whilst  the  chemical  properties  of 
the  body  relate  essentially  to  its  action  upon  other  bodies,  and  to 
the  permanent  changes  which  it  either  experiences  in  itself,  or 


*  Some  writers  speak  of  the  non-metallic  bodies  as  the  metalloids,  a  term 
which  signifies  metal-like  substances.  This  unfortunate  misnomer  could  never 
have  become  even  partially  current,  bat  for  the  want  of  a  good  single  word 
for  the  phrase  '  non*metamc  body.' 


PHYSICAL  STATES  OF  MATTER — POROSITY.  O 

▼hich  it  effects  upon  them.  For  example^  in  indicating  the  phy- 
sical properties  of  such  a  substance  as  sulphur^  we  should  refer  to 
its  brittleness,  crystalline  structure,  its  faint  peculiar  odour,  yellow 
colour,  its  semi-transparency,  the  facility  with  which  if  rubbed  it 
exhibits  electrical  attraction,  and  so  on ;  but  if  we  would  take  note 
of  its  chemical  properties,  it  would  be  necessary  to  refer  to  those 
operations  by  which  the  body  usually  becomes  changed,  and  loses 
its  distinctive  physical  characters — such  as  the  ease  with  which  it 
takes  fire,  the  rapidity  with  which  it  unites  with  silver  or  copper, 
especially  if  heated,  its  insolubility  in  water  and  alcohol,  and  its 
solubility  in  oil  of  turpentine  and  in  alkaline  liquids. 

It  is  not,  however,  always  possible  to  draw  the  line  between 
physics  and  chemistry ;  this  is  of  the  less  importance,  since  the 
chemical  nature  of  any  substance  could  be  but  imperfectly  studied, 
without  a  tolerably  complete  knowledge  of  its  leading  physical 
characters,  which  are  those  by  which  it  is  most  readily  defined. 

(3)  Physical  States  of  Matter. — Natural  objects  are  presented 
to  us  in  three  states,  or  physical  conditions — viz.,  the  solid,  the 
liquid,  and  the  gaseous,  aeriform,  or  vaporous.  Every  substance 
exists  in  one  or  other  of  these  conditions.  The  same  body  may, 
however,  often  assume  any  one  of  these  conditions  at  different 
times,  and  may  pass  from  one  to  the  other  for  an  indefinite 
number  of  times,  according  as  it  is  exposed  to  a  greater  or  less 
d^ree  of  heat.  Ice,  water,  and  steam  are  all  the  same  material 
in  three  different  states.  Whichever  be  the  form  that  matter 
«mime8,  it  always  retainB  that  attraction  for  the  earth  which 
gives  it  weight, — ^whether  visible,  as  in  the  state  of  ice  or  Fio.i. 
water,  or  invisible,  as  in  that  of  steam.  A  quantity  of 
ice  or  of  water  that  weighs  a  pound,  will  still,  as  steam, 
be  equally  a  pound  in  weight.  So  it  is  with  all  gases ;  the 
air,  although  invisible,  \&  not  the  less  capable  of  being 
weighed  and  measured. 

(4)  Porosity, — ^Natural  objects,  of  whatever  form,  are 
oompotsed  of  particles  which  are  not  in  actual  contact,  but 
are  separated  by  spaces  or  intervals  termed  pores,  A  lump 
of  sugar  or  of  salt  is  at  once  seen  to  consist  of  a  collection 
of  smaller  solid  particles,  with  intervening  spaces ;  but  the 
porofiity  of  such  bodies  as  water,  of  spirit  of  wine,  or  of  iron, 
is  not  so  obvious,  although  the  existence  of  the  property  is 
not  less  certain.  The  porosity  of  spirit  and  of  water  may 
be  shown  as  follows: — ^Take  a  long  narrow  tube  with  a 
couple  of  bulbs  blown  in  it,  and  furnished  with  an  accurately  I 
fitting  stopper^  as  represented  in  fig.  i;  fill  the  tube  and 
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lower  bulb  with  water,  then  carefully  and  completely  fill  up  the 
upper  bulb  and  neck  with  spirit  of  wine,  and  insert  the  stopper. 
The  structure  of  the  apparatus,  and  the  di£ferent  densities  of  the 
two  Uquids,  prevent  them  firom  mixing;  but  on  turning  the  tube 
upside  down  and  back  again  three  or  four  times,  so  as  to  mix  the 
spirit  and  water  thoroughly,  and  then  holding  the  instrument  with 
the  bulbs  downwards,  an  empty  space  will  be  seen  in  the  tube  after 
they  have  been  thus  mixed,  showing  that  they  now  occupy  less 
space  than  before ;  that  their  particles  are  in  fact  closer  together. 
Proofs  of  porosity  are  afibrded  even  by  the  metals;  for  example, 
many  of  them  become  more  compact  by  hammering,  as  is  the  case 
with  platinum ;  and  all  of  them,  not  excepting  platinum  and  gold, 
two  of  the  densest  forms  of  matter,  however  cold  they  may  be, 
shrink  into  a  smaller  space  when  rendered  still  colder.  The  ulti- 
mate particles  therefore  cannot  be  in  contact. 

(4  a)  Divisibility  of  Matter. — ^What  the  real  size  of  these  ulti- 
mate particles  may  be,  we  have  no  means  of  determining,  although, 
as  will  be  seen  hereafter,  there  are  strong  grounds  for  believing  that 
the  divisibility  of  matter,  extreme  as  it  is,  has  its  assigned  and 
definite  limits.  Experience,  however,  shows  that  whatever  be  the 
form  of  matter  selected  for  our  experiments,  that  divisibility  may 
be  manifested  to  an  extent  which  transcends  our  powers  of  con- 
ception. The  divisibility  of  gold  is  often  given  in  illustration  of 
this  point.  In  the  ordinary  process  of  making  gold  leaf,  a  single 
grain  of  gold  is  hammered  out  until  it  covers  a  square  space  seven 
inches  in  the  side.  Each  square  inch  of  this  may  be  cut  into  100 
strips,  and  each  strip  into  100.  pieces,  each  of  which  is  distinctly 
visible  to  the  unaided  eye.  A  single  grain  of  gold  may  thus,  by 
mechanical  means,  be  subdivided  into  49x100x100=490,000 
visible  pieces.  But  this  is  not  all;  if  attached  to  a  piece  of 
glass,  this  gold  leaf  may  be  subdivided  still  ftirthur;  10,000  pa- 
rallel lines  may  be  ruled  in  the  space  of  one  single  inch,  so  that  a 
square  inch  of  gold  leaf,  weighing  ^^V  ^^  ^  grain,  may  be  cut  into 
10,000  times  10,000,  or  100,000,000  pieces,  or  an  entire  grain  into 
4,900,000,000  fragments — each  of  which  is  visible  by  means  of 
the  microscope.  Yet  we  are  quite  sure  that  we  have  not  even 
approached  the  possible  limits  of  subdivision,  because,  in  coating 
silver  wirer,  the  covering  of  gold  is  far  thinner  than  the  gold  leaf 
originally  attached  to  it,  since  in  drawing  down  the  gilt  wire  the 
gold  continues  to  become  thinner  and  thinner  each  time,  in  pro- 
portion as  the  sUver  wire  itself  is  reduced  in  thickness. 

When  a  substance  is  dissolved  in  any  liquid,  the  subdivision  is 
carried  still  further^  and  the  particles  are  rendered  so  minute  as 
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to  escape  our  eyesight  even  when  aided  by  the  most  powerful 
magnifiers. 

(5)  Varieties  of  Attraction. — ^Mere  mechanical  subdivision^  or 
even  the  more  perfect  separation  of  the  particles  which  compose  a 
compound  body,  by  the  process  of  solution^  does  not,  however, 
suffice  to  put  us  in  possession  of  the  simple  substances  from  which 
the  compoimd  is  formed.  A  piece  of  loaf-sugar  may  be  reduced, 
by  trituration,  to  an  impalpable  powder,  but  every  particle  of  that 
powder  will  still  be  sugar :  it  may  be  dissolved  in  water,  but  each 
drop  of  the  liquid  will  still  contain  sugar,  unaltered  except  in  appear- 
ance. Sugar,  however,  is  composed  of  three  elements — carbon, 
hydrogen,  and  oxygen ;  but  no  mere  trituration  or  solution  in  water 
would  enable  us  to  extract  any  of  these  substances  from  loaf-sugar. 

The  existence  of  a  body  as  a  solid  in  one  continuous  mass  is 
owing  to  the  exertion  of  cohesion — a  force  of  considerable  intensity, 
but  which  varies  in  different  bodies,  and  by  this  variation  produces 
varieties  in  the  toughness,  hardness,  and  brittleness  of  bodies. 
But  the  power  which  imites  the  various  chemical  elements  to  form  a 
new  compound,  endowed  with  properties  entirely  different  from  those 
of  any  of  its  constituents,  is  of  a  different  nature  from  cohesion,  and 
of  a  more  subtle  kind.  Chemical  attraction  or  affinity j  as  this  force 
is  often,  but  not  very  philosophically  termed,  is  exerted  between 
the  smallest  or  ultimate  particles  of  one  element,  and  the  corre- 
^nding  particles  of  the  other  elements  with  which  it  is  asso- 
ciated in  the  particular  compoimd  under  examination.  These 
ultimate  particles  are  often  spoken  of  as  atoms,  a  term  which  im- 
plies that  the  particles  admit  of  no  frirther  subdivision. 

The  separation  of  a  body  into  its  constituents  is  the  business 
of  chemical  analysis  (from  aua  up,  or  backwards,  and  \vaiq  se- 
paration), and  it  has  for  its  object,  first,  the  determination  of  the 
nature  of  the  components — ^this  is  qualitative  analysis ;  secondly, 
the  determination  of  their  quantity — this  being  gitantitative  ana- 
lysis. The  successfiil  performance  of  these  operations  of  analysis 
requires  a  somewhat  extemdve  acquaintance  with  the  principles 
and  the  facts  of  the  science,  combined  with  considerable  skill  in 
manipulation. 

(6)  General  Characters  of  Acids,  Alkalies,  and  Salts. — It  will 
fiicilitate  the  comprehension  of  the  remarks  on  chemical  attrac- 
tion which  are  about  to  follow,  to  allude  briefly  to  the  general 
characters  of  three  very  important  classes  of  compounds,  viz.,  acids, 
alkalies,  and  salts. 

Acids  are  for  the  most  part  substances  which  are  soluble  in 
water,  h&re  a  sour  taate,  and  exert  such  an  action  ou  -vegel^JA^ 
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blue  colours  as  to  change  them  to  red.  For  example,  tincture  of 
litmus,  which  is  of  a  blue  colour,  is  exceedingly  sensitive  to  the 
action  of  a  small  quantity  of  acid  :  paper  stained  with  this  tinc- 
ture is  in  frequent  use  by  the  chemist  for  detecting  the  presence 
of  acids. 

The  term  alkali  is  of  Arabic  origin :  it  was  given  in  the  first 
instance  to  carbonate  of  sodium,  obtained  from  the  ashes  of  sea- 
weeds ;  but  it  is  now  applied  to  a  class  of  substances  possessing 
many  qualities  exactly  the  reverse  of  those  which  belong  to  the 
acids.  An  alkali  is  soluble  in  water,  and  produces  a  liquid  which 
is  soapy  to  the  touch,  and  has  a  peculiar,  nauseous  taste  j  it  re- 
stores the  blue  colour  to  vegetable  infusions  which  have  been  red- 
dened by  an  acid;  it  turns  many  of  these  blues  to. green,  as  in 
the  cases  of  the  red  cabbage  and  syrup  of  violets,  and  it  gives  a 
brown  colour  to  vegetable  yellows,  such  as  turmeric  and  rhubarb. 
Litmus  paper  which  has  been  feebly  reddened  by  an  acid  is  a 
useful  means  of  showing  the  presence  of  an  alkali,  and  is  more 
sensitive  than  paper  stained  with  turmeric  or  with  rhubarb,  which 
is  also  in  common  use  for  the  same  purpose.  These  different  test 
papers,  as  they  are  called,  show  whether  an  acid  or  an  alkali  be 
predominant  in  a  solution. 

Vinegar  or  acetic  acid,  oil  of  vitriol  or  sulphuric  acid,  muriatic 
or  hydrochloric  acid,  aquafortis  or  nitric  acid,  are  fiamiliar  in- 
stances of  the  class  of  acids.  Potash,  soda,  and  hartshorn  or 
ammonia,  are  instances  of  well-known  alkalies. 

.  Both  acids  and  alkalies  are  remarkable  for  their  great  chemical 
activity.  The  metals,  compact  as  they  are,  may  be  dissolved  by 
many  of  the  acids.  Nitric  acid  attacks  copper  qidckly  and  vio- 
lently, with  brisk  effervescence,  and  the  copious  escape  of  red 
fumes,  whilst  a  blue  liquid  is  formed  from  the  action.  Sulphuric 
acid  shows  similar  energy,  if  mixed  with  water  and  placed  in  con- 
tact with  iron  or  zinc.  Moreover,  both  these  acids,  when  not 
much  diluted  with  water,  produce  speedy  destruction  of  the  skin, 
and  of  nearly  all  animal  and  vegetable  matters.  The  solvent 
action  of  potash,  or  of  soda,  is  not  less  marked.  Either  of  these 
alkalies  destroys  the  skin  if  allowed  to  remain  upon  it ;  and  also 
gradually  dissolves  portions  of  earthenware,  or  of  glaze  fix)m  the 
vessels  which  contain  it,  and  the  solution,  if  suffered  to  fall  upon 
a  painted  surface,  quickly  removes  the  paint.  But  the  most  re- 
markable property  of  acids  and  alkalies  is  the  power  which  they 
have  of  uniting  with  each  other,  and  destroying  or  neuiralizing 
the  chemical  activity  which  distinguishes  them  when  separate. 

Some  of  these  properties  of  acids  and  alkalies  may  be  sub- 
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mitted  to  experiment  bj  means  of  a  coloured  vegetable  solution, 
sack,  for  example,  as  the  purplish  liquid  prepared  by  slicing  a  red 
cabbage  and  boiling  it  with  water.  If  a  quantity  of  this  infusion 
be  divided  into  two  portions,  and  to  the  one  be  added  a  quantity 
of  diluted  sulphuric  add,  a  red  liquid  is  obtained ;  and  if  to  the 
other  a  solution  of  caustic  potash  be  added,  a  liquid  of  a  green 
colour  is  formed ;  then,  on  gradually  pouring  the  alkaline  solution 
into  the  other,  stirring  the  mixture  constantly,  the  green  colour 
of  the  portions  first  added  instantly  disappears,  and  the  whole 
liquid  remains  red ;  as  more  and  more  of  the  alkali  is  added,  the 
red  by  degrees  passes  into  purple,  and  on  continuing  to  add  the 
alkaline  solution,  a  point  is  attained  when  the  liquid  has  a  clear 
blue  tint ;  at  this  mpment  there  is  neither  potash  nor  sulphuric 
acid  in  excess  in  the  liquid,  the  two  have  chemically  united  with 
each  other.  The  characteristic  properties  of  both  have  disap- 
peared, and  on  evaporating  the  solution  at  a  gentle  heat,  a  solid 
crystalline  substance  is  obtained,  resulting  from  the  chemical  action 
of  the  sulphuric  acid  upon  the  potash.  This  substance  is  the  salt 
usually  called  sulphate  of  potash,  or  sulphate  of  potassium.  For 
the  present,  it  may  be  sufficient  to  state,  that  any  compound  pro- 
duced by  the  imion  of  an  acid  with  an  alkali,  or  rather,  that  is  the 
result  of  the  action  of  an  acid  upon  a  base,  is  termed  a  salt.  Other 
modes  of  forming  salts  will  be  mentioned  hereafter. 

It  must  not  be  supposed  that  all  acids  closely  resemble  those 
which  have  been  just  mentioned,  and  which  are  freely  soluble  in 
water ;  some  acids,  on  the  contrary,  are  but  slightly  soluble;  such 
for  instance  is  arsenious  acid,  the  white  arsenic  of  the  shops  :  other 
acids  are  not  at  all  soluble ;  as,  for  example,  metastannic  acid,  the 
white  substance  obtained  by  the  action  of  nitric  acid  upon  tin. 
The  leading  character  of  an  acid,  in  a  chemical  sense,  is  its  power 
of  reacting  with  alkalies  to  form  salts ;  and  this  character  is  pos- 
sessed by  white  arsenic,  in  common  with  various  other  bodies  not 
£Euniliarly  r^arded  as  acids.  Of  course  if  an  acid  be  insoluble  it 
has  no  sourness,  and  is  without  action  on  vegetable  blues.* 

There  are  no  alkalies  which  are  insoluble,  but  there  are  sub- 


•  Many  ehemista  now,  with  good  reason,  limit  the  title  of  acid  to  a  parti- 
enlar  claaa  of  aubetanoes  which  contain  hvdrogen,  and  they  regard  all  acids  as 
lalti  of  hydrogen ;  so  that,  instead  of  allowing  silica  or  white  arsenic  to  be 
acids,  as  they  contain  no  hydrogen  they  call  them  anhydrides;  but  these  re- 
finements need  not  at  present  embarrass  us,  and  we  shall  continue  frequently 
to  designate  the  substance  known  as  carbonic  acid  by  this  its  familiar  name, 
thooffh  s  consistent  nomenclature  would  give  it  the  term  carbonic  anhydride. 

^Dia  ehsracten  of  acids  and  of  salts^  and  their  various  modifications,  will 
ie  more  fully  discussed  hereafter,  when  the  general  properties  of  the  metals 
and  thmi  eompoojidt  are  considered. 


8  ,  DIFFERENCE   BETWEEN   MIXTURE 

stances  which  greatly  resemble  them  which  are  but  sparingly 
soluble,  such  as  lime  and  baryta ;  these  are  termed  alkaline  earths. 
There  are  also  numerous  other  substances,  compounds  of  oxygen 
with  the  metals,  termed  oxides,  such  for  instance  as  oxide  of 
silver,  oxide  of  iron,  and  oxide  of  lead,  which  are  insoluble  in 
water,  but  which  are  easily  dissolved  by  acids,  forming  on  evapora- 
tion crystalline  compounds  or  salts.  For  instance,  by  the  action 
of  nitric  acid  upon  oxide  of  silver,  nitrate  of  silver  and  water  are 
produced ;  with  sulphuric  acid  and  oxide  of  iron,  sulphate  of  iron 
and  water  are  the  products ;  whilst  with  acetic  acid  and  oxide  of 
lead,  acetate  of  lead  and  water  are  obtained.  Any  substance, 
whether  it  be  soluble  in  water  or  not,  is  called  a  base  if  it  thus 
have  the  power  of  reacting  with  acids,  neutralizing  their  properties, 
and  furnishing  by  such  action  a  salt,  whilst  at  the  same  time  water 
is  formed.  Hence  the  alkalies  constitute  one  subdivision  of  the 
more  numerous  class  of  bodies  known  as  bases. 

(7)  Characters  of  Chemical  Attraction. — Chemical  attraction  is 
distinguished  by  well -marked  characters  firom  other  kinds  of  force 
which  act  within  minute  distances. 

I.  Chemical  attraction  is  exerted  within  its  own  limits  with  in- 
tense energy,  but  beyond  those  limits  it  is  entirely  powerless.  An 
iron  wire,  for  example,  which  will  support  a  weight  of  looolb. 
without  breaking,  will  yet  in  a  few  minutes  yield  to  the  almost 
noiseless  action  of  a  mixture  of  nitric  acid  and  water ;  the  stub- 
bom  metal  will  be  dissolved,  and  a  clear  solution  of  the  metallic 
mass  will  be  formed — particle  by  particle  of  the  metal  will  be 
detached  from  the  wire,  and  no  vestige  of  its  structure  or  tenacity 
will  remain.  It  is  rarely  possible,  by  trituration  or  other  mecha- 
nical means,  to  bring  about  a  sufficient  approximation  amongst  the 
subdivided  particles  to  produce  chemical  action.  Tartaric  acid 
and  carbonate  of  sodium,  each  in  the  form  of  a  dry  powder,  may  be 
incorporated  by  grinding  for  hours  in  a  mortar,  but  they  will  not 
act  chemically  upon  each  other :  it  is  not  until  a  more  intimate 
contact  is  effected  by  the  addition  of  water,  which  dissolves  the 
particles  of  both,  and  allows  them  mutually  to  approach  closer, 
that  the  brisk  effervescence,  due  to  the  expulsion  of  the  carbonic 
acid  gas,  occurs,  which  indicates  the  transfer  of  the  sodium  with 
which  it  was  previously  in  combination,  to  the  radicle  of  the 
tartaric  acid  and  the  formation  of  water  and  tartrate  of  sodium. 

A  striking  illustration  of  the  difference  between  the  effects  of 

mechanical  intermixture   and  those  of  chemical  combination  is 

I.  . 

afforded  in  the  case  of  ordinary  gunpowder.     lu  the  manufacture 
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• 


lis  substance,  the  materials  of  which  it  is  made — viz.,  charcoal, 
bar,  and  nitre — are  separately  reduced  to   a  state  of  fine 
ler;  they  are  then  intimately  mixed,  moistened  with  water, 
thoroughly  incorporated  by  grinding  for  some  hours  under 
!  stones ;  the  resulting  mass  is  subjected  to  intense  pressure, 
the  cakes  so  obtained,  after  being  broken  up  and  reduced  to 
os^  fiimish  the  gunpowder  of  commerce.     In  this  state  it  is  a 
lie  mixture  of  nitre,  charcoal,  and  sulphur.     Water  will  wash 
the  nitre,  bisulphide  of  carbon  will  take  up  the  sulphur,  and 
charcoal  will  be  left  undissolved.     By  evaporating  the  water, 
nitre  is  obtained ;  and  on  allowing  the  bisulphide  of  carbon  to 
tilize,  the  sulphur  remains.     If,  however,  we  cause  the  mate- 
to  enter  into  chemical  combination,  all  is  changed ;  a  spark 
the  powder ;  the  dormant  chemical  attractions  are  called  into 
ation,  a  large  volume  of  gaseous  matter  is  produced ;  the  char- 
disappears,  and  no  trace  of  the  original  ingredients  which 
Led  the  powder  is  left. 

3.  Chemical  attraction  must  from  its  very  nature  be  exerted 
reen  dissimilar  substances.*  No  manifestation  of  this  force 
take  place  between  two  pieces  of  iron,  two  pieces  of  copper, 
;wo  pieces  of  sulphur;  but  between  sulphur  and  copper,  or 
hur  and  iron,  chemical  action  of  the  most  energetic  kind  may 

ir.t 

Generally  speaking,  the  greater  the  difference  in  the  properties 

he  two  bodies,  the  more  intense  is  their  tendency  to  mutual 

nical  action.     The  metals,  as  a  class,  differ  as  widely  from  the 

s  as  possible,  but  the  acids  rapidly  dissolve  the  metals.  Copper, 

instance,  is  briskly  attacked  by  nitric  acid,  iron  by  diluted  sul- 

ric  acid,  and  so  on.     Between  bodies  of  a  similar  character, 

tendency  to  union  is  but  feeble.     For  example,  two  metallic 

ies,  copper  and  zinc,  will,  under  the  influence  of  a  high  tem- 

iture,  unite  and  form  brass, — an  alloy,  the  properties  of  which 

intermediate  between  those  of  its  constituents ;  but  brass,  on 

ig  heated  strongly,  may  be  again  separated  into  copper,  which 

ains,  and  into  zinc,  which  nearly  all  passes  off  in  vapour. 


This  oircamstance— viz.,  that  the  elements  which  combine  are  not  allied 
■opertiefl — is  sufficient  to  indicate  the  objection  to  the  use  of  the  term 
U^,  to  express  this  form  of  attraction,  although  custom  has  sanctioned 
nployment. 

It  is  hitf  hly  probable,  however,  as  will  be  seen  hereafter,  that  the  isolated 
98  usually  viewed  as  elements  should  be  regarded  as  compounds,  the 
coles  of  which  consist  of  particles  of  the  same  element  in  opposite  polar 
metrical  conditions.  Hydrogen  gas,  for  instance,  is  to  be  regarded  as 
Ide  of  hjfdrogen,  or  a  compound  of  hydrogen  with  hydrogen  $  chlorin^ 
IS  ehloruie  qf  cklorine,  and  bo  on. 
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3.  Another  of  the  most  remarkable  features  of  chemical  attrac- 
tion is  the  entire  change  of  properties  which  it  occasions  in  both 
the  substances  dealt  with^ — a  change  which  no  a  priori  reasoning 
could  possibly  predict.  If  the  blue  liquid  obtained  by  dissolving 
copper  in  nitric  acid  be  evaporated^  a  blue  crystalline  salt  which 
has  no  resemblance  either  to  the  acid  or  to  the  metal  will  be  pro- 
cured. There  is  an  equally  striking  diflFerence  between  the  tough, 
metallic,  insoluble  iron,  and  the  corrosive  oil  of  vitriol,  and  the 
beautiftd  crystalline,  green,  soluble,  inky-tasted  salt  which  is  pro- 
duced by  their  mutual  action. 

4.  The  next  important  peculiarity  of  this  power  which  may  be 
noticed,  is  that  it  is  exerted  between  different  kinds  of  matter  with 
different  but  definite  degrees  of  force.  Nitric  acid  will  dissolve 
most  of  the  metals,  such,  for  instance,  as  silver,  mercury,  copper, 
and  lead;  but  the  chemical  compounds  thus  formed  are  held 
together  with  very  different  degrees  of  energy.  With  sUver  the 
combination,  at  ordinary  temperatures,  is  less  powerfiil  than  with 
mercury,  less  so  with  mercury  than  with  copper,  and  with  copper 
less  again  than  with  lead. 

This  fact  may  easily  be  determined  by  dissolving  half  an  ounce 
of  nitrate  of  silver  in  half  a  pint  of  water,  and  pouring  into  it  a 
small  quantity  of  clean  mercury;  in  a  few  days  a  beautiful  crystal- 
lization of  metallic  silver  will  be  obtained,  whilst  a  corresponding 
quantity  of  mercury  will  have  become  dissolved,  and  will  have 
combined  with  the  nitric  acid  radicle*  previously  in  union  with 
the  silver.  In  a  similar  manner,  mercury  may  be  displaced  firom 
a  solution  of.  nitrate  of  mercury  by  a  strip  of  metallic  copper ;  and 
copper,  in  its  turn,  may  be  displaced  by  a  piece  of  lead  introduced 
into  a  solution  of  nitrate  of  copper.  From  a  solution  of  nitrate 
of  lead,  zinc  will,  in  like  manner^  displace  the  lead,  which  will  be 
deposited  in  beautiful  crystals. 

Indeed,  the  different  elements  may  be  arranged  in  tables  indi- 
cating the  order  of  their  attraction  for  any  one  element  which  is 
placed  at  the  head  of  the  list.  For  example,  in  the  first  column 
of  the  following  table,  several  of  the  more  important  metals  are 
arranged  in  the  order  in  which  they  exhibit  a  tendency  to  combine 
with  oxygen, — the  metal  which  stands  at  the  head  of  the  list  having 
the  strongest  attraction,  that  which  stands  second  the  next,  and 
so  on  to  the  one  mentioned  last,  in  which  the  attraction  is  the 
weakest : — 

*  If  nitric  acid  be  represented  by  the  formula  HNO.,  the  radicle  of  the 
•cidwiUbeNO,. 
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Order  of  Ditplacement  from  Solution. 

OXYQSN.  tULPHUKIt;   ACID. 

Potassium,  Baiyta. 

Zinc.  Potash. 

Tin.  Soda 

Lead.  Lime. 

Copper.  Ammooia. 

Mercury.  Oiide  of  Zine. 

Silver. 

Gold. 
Similar  tables  may  be  formed,  exbibiting  the  relative  teadeucy 
compound  bodies,  such  as  bases,  to  displace  each  other  &om  their 
ta  In  the  second  column  of  the  table,  the  various  bases  are 
anged  in  the  order  in  which  they  displace  each  other  at  ordiuary 
iperatures  from  the  salts  which  th^  form  with  sulphuric  acid. 
5.  These  experiments  on  the  displacement  of  one  metal  by 
>ther,  further  show  that,  although  in  combination,  the  properties 
iie  components  are  masked,  and  to  all  ordinary  observation  the 
Btituents  have  eutirely  disappeared,  yet  they  really  exist  in  the 
ipoond,  and  can  be  again  reproduced  in  their  original  form  by 
ing  away  the  substance  with  which  they  bad  combined. 
It  is,  indeed,  a  principle  of  universal  application,  that  whenever 
mical  combination  occurs,  no  destruction  of  the  bodies  so 
eting  into  combiuation  ever  ensues.  However  much  the 
xrials  may  change  their  form,  the  weight  of  the  new  products, 
ollected  and  examined,  will  be  found  to  be  exactly  equal  to  that 
he  substances  before  combination.  The  following  experiment 
ws  that,  even  although  the  substance  may  vanish  from  our 
It,  it  continues  to  exist  as  a  gas,  which 
the  same  weight  as  the  solid  which  *io-»- 

liahed  it : — Into  a  glass  flask  A  (fig.  2), 
d>out  250  cubic  inches  capacity,  and 
ch  is  provided  with  a  brass  cap  and 
>>cock,  introduce  10  or  13  grains  of 
•cotton;  attach  the  flask  to  the  air. 
ip,  exhaust  it  very  completely,  and 
nvards  weigh  it.  Then  set  fire  to  the 
3n  by  means  of  a  voltaic  current  sent 
ngh  the  wires,  a,  b,  which  are  insu- 
1  from  each  other  and  from  the  cap 
le  instrument,  by  passing  through  a 
iohed  cork.     The  cotton  will  entirely 
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disappear  with  a  brilliant  flash,  but  the  flask,  if  weighed  again,  will 
be  found  to  be  as  heavy  as  it  was  before  the  cotton  was  fired. 

6.  There  are  two  modes  in  which  chemical  compounds  are 
formed;  the  simplest  is  that  where  the  two  substances  unite 
directly  together,  as  when  hydrogen  burns  in  air,  and,  by  direct 
union  with  oxygen,  produces  water;  or  when  an  acid  and  an 
alkali,  such  as  hydrochloric  acid  and  ammonia,  combine  and  pro- 
duce a  salt.  This  mode  of  combination  usually  prevails  between 
bodies  which  have  a  powerfiil  tendency  to  unite. 

The  other  mode  in  which  compounds  are  formed  is  still  more 
common ;  it  occurs  where,  in  a  body  already  formed,  one  of  the  in- 
gredients of  that  body  is  displaced  by  another  substance,  and  a  new 
compound  is  the  result.  The  instances  already  specified,  in  which 
one  metal  precipitates  another  from  its  solution,  are  cases  in  which 
new  bodies  are  produced  by  the  displacement  of  one  of  the  sub- 
stances in  a  compound  previously  formed.  This  method  of  forming 
compounds  by  displacement,  or  substitution,  is  one  of  great  impor- 
tance ;  and  the  study  of  its  various  modes  of  action  is  rapidty 
contributing  to  the  discovery  of  many  subtle  processes  concerned 
in  the  chemistry  of  orga,nized  beings. 

7.  Chemical  combination,  in  a  large  proportion  of  cases,  does 
not  commence  spontaneously.  A  heap  of  charcoal  may  remain 
unaltered  in  the  air  for  years ;  but,  if  a  few  pieces  be  made  red 
hot,  and  then  be  thrown  upon  the  heap,  chemical  action  will  be 
commenced  by  the  heat,  and  it  will  continue  until  the  whole  mass 
is  burned ;  that  is,  the  chemical  action  between  the  oxygen  of  the 
air  and  the  charcoal  will  continue  as  long  as  any  charcoal  remains 
unacted  on.  In  other  instances,  however,  the  chemical  efiects 
begin  without  the  application  of  any  extraneous  force.  A  bit  of 
phosphorus  begins  to  be  oxidized  slowly  the  instant  it  comes  into 
the  atmosphere,  and  in  warm  weather  it  speedily  bursts  into  a  blaze. 

8.  Whenever  substances  imite  directly  with  each  other,  heat 
is  emitted,  and  the  more  rapidly  the  union  is  effected,  the  larger 
is  the  quantity  of  heat  emitted  in  a  given  time,  until,  in  some  cases, 
it  rises  so  high  that  ignition  and  combustion  ensue ;  light  as  well 
as  heat  being  abundantly  extricated  when  the  temperature  attains 
a  sufficient  degree,  since  all  solid  substances,  when  heated  beyond 
a  certain  point,  become  luminous. 

When  compounds  are  formed  by  substitution,  the  liberation  of 
heat  is  usually  much  less,  and  is  sometimes  not  perceptible  with- 
out special  contrivances. 

Very  frequently  the  physical  state  of  one  or  of  both  the  bodies 
which  enter  into  combinatipn  is  altered  by  the  operation  of  chemical 


a 
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ttraction.  Two  solids  may  become  converted  into  a  liquid ;  two 
iquids  may  become  solid^  or  even  two  gases  may  be  reduced  to  the 
olid  form.     Differences  of  state  are  therefore  not  in  all  cases  due 

0  differences  of  temperature ;  differences  in  the  chemical  arrange- 
aent  of  the  particles  are  equally  important  in  bringing  about  phy- 
ical  differences  of  condition. 

The  foregoing  leading  characters  by  which  chemical  attraction 
}  distinguished  from  other  forces^  may  be  thus  summed  up  in  a  few 
rords : — 

Chemical  attraction  is  a  power  of  extreme  energy^  which  acts 
nly  on  the  minutest  particles  of  matter^  and  at  distances  too  small 
3  be  perceptible  by  our  unaided  senses.  Under  its  influence  the 
omparatiyely  few  elementary  bodies  arrange  themselves  into  the 
imiberless  compounds  which  constitute  the  different  forms  of 
latter  around  us.  Chemical  attraction^  jGrom  its  very  nature^ 
perates  only  between  the  particles  of  dissimilar  kinds  of  matter^ 
nd  by  its  exertion  produces  new  properties  in  the  resulting  com- 
ound.  It  exists  between  different  kinds  of  matter  with  different 
at  definite  degrees  of  intensity.  As  a  residt  of  its  operations^  no 
estniction  of  matter  occurs  in  the  materials  submitted  to  its  in- 
nence ;  there  is  consequently  no  loss  of  weight,  but  mere  change 
f  form.  The  act  of  combination  may  either  occur  instantly  on 
lixture^  or  may  be  indefinitely  postponed  till  some  other  force, 
ach  as  heat,  concurs  to  commence  the  action.  Compounds  may 
e  formed  either  by  the  direct  union  of  their  ingredients,  or  by 
lie  displacement  of  one  substance  by  a  different  one  in  a  com- 
ound  previously  formed;  and  lastly,  heat  and  light,  in  amount 
roportioned  to  the  rapidity  of  the  action,  are  generally  emitted 

1  cases  of  the  direct  union  of  the  constituents. 

(8)  Laws  of  Combination, — The  relative  proportion  in  which  the 
ifferent  elements  unite  is  regulated  by  fixed  laws.  These  impor- 
mt  laws,  which  are  three  in  number,  regulate  the  mode  of  combi- 
ation  of  every  known  chemical  compound.  They  are  usually 
srmed  i?ie  laws  of  chemical  combination. 

(9)  The  first  of  these  laws  is  the  law  of  Definite  Proportions^ 
rhich,  although  of  great  simplicity,  is  one  of  fiindamental  importance 
3  the  science  of  chemistry.  This  law  may  be  stated  in  very  few 
'ords;  it  is  as  follows — In  every  chemical  compound  the  nature 
nd  the  proportions  of  its  constituent  elements  are  fixed,  definite, 
nd  invariable.  For  instance,  loo  parts  of  water  contain  889  of 
xygen  and  ii'i  of  hydrogen.  Whether  water  be  derived  from  the 
aowB  of  high  mountains,  or  from  rain-clouds,  or  from  dews,  or 
xnn  direct  chemical  action,  as  in  the  burning  of  a  lamp  or  candle. 
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its  compositioii  is  uniform  and  certain.  So  also  a  piece  of  flint,  or 
of  rock  crystal,  in  whatever  part  of  the  world  it  be  found,  will,  on 
analysis,  yield  in  every  loo  parts,  46*6  of  silicon  and  53*4  of  oxygen; 
and  in  hydrochloric  acid,  however  obtained,  100  parts  of  the  gas 
are  found  always  to  consist  of  97*26  of  chlorine  and  274  of  hy- 
drogen. In  fact,  the  existence  of  the  law  of  definite  proportions 
gives  value  to  analysis,  by  giving  certainty  and  uniformity  to  its 
results.  Mere  mechanical  intermixture  is  at  once  distinguished  from 
true  chemical  combination  by  the  absence  of  all  regularity  in  the 
proportions  of  the  bodies  that  have  been  mingled ;  and  in  the  same 
manner  chemical  attraction  stands  strongly  contrasted  with  that  kind 
of  adhesion  which  produces  the  solution  of  solids  in  a  liquid. 

(10)  The  second  law  of  combination  is  usually  termed  the  law 
of  Multiple  Proportions.  It  frequently  happens  that  a  pair  of 
elementary  bodies  unite  together  in  more  than  one  proportion. 
The  compounds  so  obtained  are  very  different  from  each  other ;  but 
there  is  still  a  uniformity  in  the  plan  upon  which  these  compounds 
are  formed,  and  the  proportions  of  the  two  elements  in  each  are 
very  simply  related.  The  law  of  midtiple  proportion  may  be  thus 
stated : — If  two  elements,  A  and  By  unite  together  in  more  propor- 
tions than  one,  on  comparing  together  quantities  of  the  different  com- 
pounds,  each  of  which  contains  the  same  amount  of  A,  the  quantities 
of  B  will  bear  a  very  simple  relation  to  each  other ;  such  as 

A  +  B,     A  +  2B,     A-I-3B,     A  +  4B,  fee; 
or,     2A  +  3B,       2A-I-5B,       2A  +  7B,  &c.; 
or,     A-hB,     A  +  3B,     A-I-5B,  &c. 

Water,  for  instance,  is  a  compound  of  oxygen  and  hydrogen ; 
in  JOG  parts,  by  weight,  there  are,  as  already  mentioned,  88*9  of 
oxygen  and  ii'i  of  hydrogen.  But  there  is  another  compound  of 
oxygen  and  hydrogen  known  to  chemists,  termed  the  peroxide  of 
hydrogen.  By  analysis  it  has  been  found  that  100  parts  of  this 
body  contain  94*1  of  oxygen  and  5*9  of  hydrogen.  Now,  on  com- 
paring together  the  quantities  of  oxygen  which  in  these  two  com- 
pounds are  united  with  an  equal  quantity,  say  2  parts  of  hydrogen, 
it  is  evident  that  in  water,  for  2  parts  of  hydrogen  there  are  16  of 
oxygen, 

since  ii'i        :       88-9       :  :       2       :        16 

and  by  a  similar  process  it  is  seen  that  in  the  peroxide  of  hydro- 
gen, for  2  parts  of  hydrogen  32  of  oxygen  are  present — 

59       :       94-1        :  :        2        :       32 

the  quantity  of  oxygen  combined  with  the  hydrogen  in  the  peroxide 
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g  just  double  of  what  it  was  when  combined  with  the  same 
itity  of  hydrogen  in  water. 

^  similar  simple  proportion  between  the  quantities  of  the  com- 
ig  elements  is  found  to  hold  good  in  every  series  of  compounds 
led  by  the  union  of  two  elements  with  each  other.  A  certain 
itity  of  one  of  the  elements  combines  with  a  certain  quantity  of 
>ther :  in  the  next  compound  with  twice  as  much  as  in  the  first ; 
le  next  with  three  times ;  in  the  next  with  four  times  that 
itity^  and  so  on. 

An  excellent  example  of  this  regularity  is  afforded  by  the  series 
impounds  which  nitrogen  forms  with  oxygen ;  these  compounds 
five  in  number^  and  they  have  been  found  to  contain  in  loo 
B  the  following  proportions  of  their  constituents^  those  which 
ma  least  oxygen  standing  first : — 


Oxygen. 

Nitrogen. 

NitroTis  Oxide    .     . 

.     .     36-36 

63-64 

Nitric  Oxide       .     .     . 

•     •     53'33 

46-67 

Nitrous  Anhydride  . 

•     •     63-15 

36-S5 

Peroxide  of  Nitrogen    . 

.     .     69-56 

30-44 

Nitric  Anhydride     .     . 

.     .     74-07 

35'93 

Now  on  comparing  with  each  other  quantities  of  these  different 
pounds  which  contain  equal  amounts  of  nitn^n,  it  will  be 
id^  taking  them  in  the  order  in  which  the  compounds  stand  in 
table^  that  the  quantity  of  oxygen  increases  in  the  proportion  of 
,  3^  4,  and  5.  In  the  nitrous  oxide  the  quantity  of  nitrogen 
bined  with  16  parts  of  oxygen  is  a8 : — since 


Oxygen. 

Nitrogen. 

36-36 

6364        : 

:       16       i 

28 

5333 

4667        : 

:       3a       : 

28 

63-^5 

:       36-85       : 

:       48       •• 

28 

69-56        ! 

30-44       : 

:       64       : 

28 

74-07 

!       35-93       • 

:       80 

:       28 

oxygen  increasing  in  the  proportion  of  16,  twice  16,  3  times 

4  times  16^  and  5  times  16. 

Sometimes  the  proportion  in  which  the  elements  unite  is  rather 

simple^  two  proportions  of  one  element  combining  with  3^  5, 

'  of  the  other. 

This  important  law^  which  was  first  clearly  established  by  Dalton, 

explained  by  him  by  means  of  his  Atomic  Theory.   Upon  this 

jthesis  the  idtimate  particles  of  each  element  are  considered  to 

iniform  in  size  and  in  weight  for  that  element^  and  moreover  to 

icapable  of  further  subdivision.  When  bodies  unite  chemically^ 

\e  particles  of  the  same  element  have  all  the  same  size  vulA.  t^3^ 
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tive  weight,  the  proportions  in  which  they  combine  must  be  definiie ; 
and  further,  if  they  unite  in  several  different  proportions,  those 
proportions  must  be  simply  related  to  each  other.  Thus  hydro- 
chloric acid  may  be  conceived  to  be  a  compound  in  which  each 
separate  particle  of  hydrogen  is  combined  with  a  separate  particle 
of  chlorine :  and  if  water  be  a  compound  in  which  each  separate 
particle  of  oxygen  is  united  with  two  particles  of  hydrogen,  per- 
oxide of  hydrogen  would  be  represented  as  consisting  of  a  combina- 
tion of  two  particles  of  oxygen  with  each  two  particles  of  hydrogen. 

( 1 1 )  This  explanation  will  simplify  the  consideration  of  the  third 
law,  which  is  usually  known  as  the  Law  of  Equivalent  Proportions. 
It  may  be  stated  as  follows : — Each  elementary  substance,  in  com^ 
bining  with  other  elements,  or  in  displacing  others  from  their  com* 
binations,  does  so  in  a  fia^ed  proportion,  which  may  be  represented 
numerically. 

If  a  certain  proportion  of  an  element.  A,  unite  with  certain 
other  fixed  quantities  of  different  elements,  B,  C,  D,  &c.,  to  form 
compounds  AB,  AC,  AD,  &c.,  the  quantities  of  B,  C,  and  D  which 
so  unite  with  A  will  also  be  the  quantities  in  which  B  and  C,  C 
and  D,  combine  to  form  compounds  BC,  BD,  CD,  &c. 

This  principle  of  equivalent  proportion  may  be  illustrated  by 
reference  to  the  experiments  upon  the  displacement  of  the  metals 
from  solutions  of  their  nitrates  by  the  introduction  of  some  other 
metal,  the  affinity  of  which  for  the  acid  is  stronger  than  that  of  the 
metal  with  which  it  is  already  combined.  When  a  slip  of  copper 
is  introduced  into  a  solution  of  nitrate  of  silver,  the  two  metals 
change  places,  owing  to  the  stronger  chemical  attraction  of  the 
nitric  acid  radicle  for  the  copper  than  for  the  silver ;  part  of  the 
copper  is  dissolved,  nitrate  of  copper  is  formed,  and  a  corresponding 
quantity  of  silver  is  deposited.  On  making  the  experiment  with 
suitable  care,  it  is  found  that  for  each  317  grains  of  copper  dis- 
solved,  108  of  silver  are  separated  in  crystals.  In  a  similar  way, 
when  a  strip  of  lead  is  placed  in  a  solution  of  nitrate  of  copper, 
a  deposit  of  metallic  copper  is  separated,  and  for  each  317  grains 
of  copper  thrown  down,  103 '5  of  lead  will  have  been  dissolved ; 
whilst,  lastly,  a  strip  of  zinc  in  a  solution  of  nitrate  of  lead  will 
lose  327  grains  in  weight  for  each  103*5  grains  of  lead  Avhich 
crystallizes  upon  its  surface. 

Prom  this  series  of  experiments  we  learn  that  different  but 
definite  amounts  of  the  various  metals  are  capable  of  displacing  each 
other;  for  it  appears  that  108  parts  of  silver,  317  of  copper,  103*5 
of  lead,  and  32*7  of  zinc,  are  each  capable  of  exactly  supplying  the 
place  of  the  other,  in  combination  with  one  uniform  amoimt  {6% 
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parts)  of  nitric  acid  radicle ;  and  these  different  quantities  of  the 
metals  are  said  to  be  chemically  equivalent  to  each  other.*  A  che- 
mical equivalent  therefore  represents^  in  terms  of  some  standard^  the 
fixed  amount  of  each  element  which  is  capable  of  supplying  the  place 
of  the  corresponding  quantity  of  any  other  element.  Now  it  is  re- 
markable that  these  numbers  represent  not  only  the  quantity  of  each 
element  which  is  capable  of  being  substituted  for  other  elements^ 
as  in  the  particular  compounds  with  nitric  acid  just  referred  to^ 
hut  they  represent  also  the  proportions  (or  a  simple  sub-multiple 
of  the  proportions)  in  which  these  elements  unite  among  them- 
selyes  when  they  so  combine  with  each  other.  But  in  many  cases 
the  equivalent  quantities  of  the  elements  cannot  be  ascertained  in 
this  simple  manner  by  direct  substitution;  in  such  instances  recourse 
is  had  to  indirect  processes^  such  as  the  determination  of  the  pro- 
portion in  which  each  element  unites  with  a  fixed  quantity  of  some 
other  element^  such  as  oxygen. 

(12)  Tables  of  Equivalent  Numbers. — Chemists  are  in  the  habit 
of  referring  the  results  obtained  by  analysis  to  the  proportion  con- 
tained in  100  parts  of  the  body  submitted  to  experiment.  Thus 
the  analysis  of  water  furnishes^  in  100  parts^  88*9  of  oxygen  and 
11*1  of  hydrogen;  100  parts  of  lime  contain  28*58  of  oxygen  and 
71*42  of  the  metal  calcium;  whilst  100  parts  of  potash  consist  of 
17*02  of  oxygen  and  82*98  of  potassiiun.  These  illustrations  are 
sufficient  to  show  that  the  quantity  of  oxygen  is  not  the  same  in 
the  different  compounds ;  but  the  method  of  stating  the  result  is 
not  the  one  best  adapted  to  exhibit  the  numerical  relations  in  their 
simplest  form.  These  relations  are  rendered  much  more  evident 
in  the  foUowing  way.  Having  ascertained  the  proportion  of  each 
constituent  in  100  parts  of  the  various  compounds  which  each 
elementary  body  forms  when  it  combines  with  oxygen,  determine 
by  calculation  the  proportion  in  which  each  element  unites  with 
the  same  fixed  quantity  (say  100  parts)  of  oxygen,  A  series  of 
proportional  numbers  will  thus  be  Aimished  which  will  represent 
the  ratios  in  which  each  of  the  elements  combines  with  oxygen. 
In  this  manner  it  will  be  seen  that  in  water,  for  each  100  parts 
of  oxygen  12*5  parts  of  hydrogen  are  present : — 

for  88*9  :  1 1*1  :  :  100  :  12*5; 
in  lime^  for  each  100  parts  of  oxygen,  250  of  calciimi  are  present  :— 

for  28*58  :  71*4^  :  :  100  :  250; 

*  Dalton  oonsidered  that  these  numbers  represent  the  relative  weights  of 
tiie  atoms  of  the  different  metals,  which  may  be  thus  substituted  one  for  the 
other,  and  hence  the  term  atomic  weight  is  often,  though  inaccurately,  em- 
pilojcd  as  •jrnooymoQS  with  the  equivciUni  of  an  element. 
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and  in  potash^  for  every  loo  parts  of  oxygen  there  tcve  487*5  of 
potassium : — 

for  17*02  :  82*98  2  :  100  :  487*5; 
12*5  of  hydrogen,  250  of  calcium,  and  487*5  of  potassium,  are  flie 
equivalent  quantities  of  each  of  these  bodies,  which  combine  mth 
100  parts  of  oxygen. 

On  the  continent,  a  few  chemists  still  follow  the  example  of 
Berzelius,  and  assume  100  parts  of  oxygen  as  the  standard  quan« 
tity,  to  which,  in  all  such  calculations,  reference  is  made.  One  of 
the  objections  to  this  plan  is,  that  the  numbers  thus  obtained,  and 
to  which  reference  is  constantly  required,  are  inconveniently  large, 
and  consequently  more  difficult  to  retain  in  the  memory  than 
smaller  ones  woidd  be,  besides  frequently  involving  fractional  quan- 
tities :  the  number  for  hydrogen  on  this  scale  is  represented  as  1 2*5. 

In  this  country  the  combining  number  of  hydrogen  is  made  the 
unit  of  comparison,  and  the  result  is  a  system  which  has  many 
advantages,  and  which  is  adopted  by  Liebig  and  in  Germany  gene- 
rally, and  also  by  Dumas  and  others  in  France.  Hydrogen  com- 
bines with  oxygen  in  a  smaller  proportion  than  any  other  known 
substance,  and  the  numbers  representing  the  eqidvalents  of  all 
other  bodies  may,  for  practical  purposes,  be  taken  without  material 
error,  as  midtiples  by  whole  numbers  of  the  equivalent  of  hydrogen.* 
The  equivalent  of  hydrogen  on  this  scale  is  i,  and  as  one  part  of 
hydrogen  is  united  in  water  with  exactly  eight  parts  of  oxygen,  the 
equivalent  number  for  oxygen  is  8 ;  and  atomic  are  more  impor* 
tant  than  equivalent  relations  in  the  chemical  aspect  of  an  element 
for  the  purposes  of  classification,  and  for  explaining  the  nimiber 
and  kind  of  compounds  which  it  forms.  The  numbers  given  in 
this  table  are  not,  however,  those  which  will  be  employed  in  the 
body  of  this  work,  since  there  are  good  grounds  for  taking  the 
atomic  weight  of  oxygen  as  16.  Water  would  then  be  represented  as 
a  combination  of  two  atoms  of  hydrogen  and  one  atom  of  oxygen, 
and  a  large  number  of  the  atomic  weights  of  the  elements,  as  given 
in  previous  editions  of  this  work,  will  require  alteration  accordingly. 

In  the  following  table  the  elementary  substances  are  arranged 
alphabetically,  with  the  symbol  (16)  hitherto  generally  used  by 
chemists,  affixed  to  each ;  the  combining  numbers,  as  actually  de- 
termined by  carefiil  experiment,  both  on  the  hydrogen  and  oxygen 
scale,  are  given  for  convenience  of  reference. 


*  Front  indeed  advanced  the  bypotheBis  that  the  combining  number  of 
each  element  was  a  multiple  by  a  whole  number  of  that  of  hydrogen,  if  the 
latter  be  assumed  =  i.  This  view,  in  the  form  propounded  by  Irout,  is  at 
variance  with  the  most  exact  ezperimenta  upon  the  chemical  equivalents  of 
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The  umnben  on  the  oxygen  ac&Ie  may  readily  be  converted 
into  those  on  the  hydrogen  scale,  by  dividing  the  oxygen  numbers 
by  ti'S,  or,  what  amounts  to  the  same  thing,  by  multiplying  the 
(Hygen  nmnbers  by  8  and  dividing  by  loo.  The  numbers  of  the 
hydrogen  scale  if  multiplied  by  iT^,  give  the  corresponding  values 
on  the  oxygen  scale. 

The  names  of  the  elements  which  from  their  rarity  may  be 
regarded  as  ouimportant  are  given  in  italics. 

Table  qf  Ehmentary  Subgtances  with  their  Eqaimlenta  or 
Qimbijtmg  ProporHofu  and  Symbols.* 


»«.«.(. 

^      Bqnk^tHuBlw. 

CompcKmdi  with  Oijod.  *<. 

H=i 

0=100 

(  ALn^ntnTninx-  AI.CK.rIiIo- 

AI 

1375 

'''    'if      ViSe  of  aluQiinuin. 

Antimony  (Stibium)  [a] 

Sb 

\3TO 

AneoicuiD (a) 

Ai 

75'o 

937'5 

AbO,.  wbito  araenic 

Buiam     

B« 

68-5 

85fi'35 

(BaO.barytai  BaCl.ehloride 

BUoroth    

Bi 

IIO'O 

36.5-0 

BlCIj.  cbloridpofbiBraatb 

Bo~n       (u) 

B 

log 

"36-^5 

)  BO,,     boraoic     onbydnde  j 
{     BCI„  cLloride  of  l«.ron. 
HBr,  hydrobromiu  acid 

Bromine 

Br 

8o-o 

1 0000 

CWni-M 

Cd 

560 

7000 

CdO.  oxide  of  cadmium 

CJciam    

Ca. 

350-0 

CaO,  lime 

i  CO,  carbonic  oiide  ;  C^H,. 

emboli     

C 

60 

750 

\     marsh  gas 

Ce-O,.  red  oxide  of  cerium 

C«Tl'sM         

Ce 

460 

575'° 

CUoriae    

01 

355 

44375 

NttCl,  chloride  of  .odium 

Chroniiam        

Cr 

3^«'38 

CrnO„a;reenoiideofc!ironimm 

Cobalt       

Co 

=9'5 

3f'«'75 

CoCl.  chloride  of  cobalt 

Carium     

Ca 

•33"o 

iMi-S 

HO,  CaO,  hydrate  of  craaium 

Copper  (Coprnm)     ... 

Cu 

3 ''75 

396-87 

CuO,  black  oxide  of  copper^ 

D^uJ     .'.     ... 

D 

48'0 

6000 

DO,  Oiideofdidymium 

ErUum     

E 

Floorme  ». 

F 

i9'o 

^37-5 

j  CaF,  ^l^o^apBriHF,hyd^o• 
{      fluoric  acid 

GliKiHum 

G 

4'66 

58'33 

GO.  KlucioB 

AuCLsoluble  chloride  of  gold 

Gold  (Aorura)  ...    [a) 

Au 

19C66 

^A^fi 

Hydrogen 

H 

ro 

i»-5 

HO,  water 

I 

"K. 

'5875 

Indium     \'.'.             ... 

It 

133208 

IrjO,,  Besquioxide  of  iridium 
FejO,,  red  oxide  of  iron 

IroD  (Perrum) 

Fe 

isS 

350'0 

La»tka»um      

La 

4(;-o 

575-0 

LbO,  oiide  of  laothanum 

the  elements ;  but  it  baa  been  strongly  nrged  by  DnmaB,  both  from  his  o-rn 
raiMTimeiite,  and  from  thoie  of  other  socurate  obBerveri,  that  the  combmmK 
vuDber*  are  all  mnltiplea  by  whole  numbere  of  the  half  or  of  the  quarUr 
fnivalamt  of  hydrogen.  The  oxperimenti  of  Sta«,  however,  wem  to  render 
doubtful  th«  Btatement  of  Dumw.  „      .      -         .u.       j      » 

•  The  aninben  to  which  (a)  u  prefixed  are  really  atonuo  weigfaU  and  nat 
MoiralMita.     (Sm  pp.  aa,  33-). 

c  2 
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TABLE   OF   EQUIVALENT   NUMBERS^ 


Table  of  Elementary  Substances  with  their  Equivalents  ani 

Symbols — {continued) . 


Element. 

Sym- 
boL 

EqniTslent  Number. 

Pb 

H=i 

0=100 

Lead  (Plumbum)    ... 

103*5 

"93*75 

Lithium    

L 

70 

87*5 

Magnesium      

Mfi 

'     iri6 

1520 

Manganese      

Mn 

275 

343*75 

Mercury 

Hg 

loo-o 

12500 

(Hycfrargyrum)  ... 

.  •  • 

«  •  • 

•  •• 

Molybdenum    

Mo 

48-0 

6oo'o 

Nickel       ... 

Ni 

29'.5 

36875 

Niobium  ( Columbium) 

Nb 

48-8 

610*0 

Nitrogen 

« 

N 

i4'o 

17506 

Osmium    

Os 

995 

"43*75 

Oxygen     

0 

8-0 

1000 

Palladium       

Pd 

5324 

665*47 

Phosphorus      ...   (a) 

P 

310 

387*5 

Platmum 

Pt 

9856 

1232*08 

Potassium  (Kalium).. 

K 

390 

487*5 

Rhodium 

Eo 

53-16 

651*96 

JBubidium 

Eb 

8536 

1067*0 

JButhenium       

Eu 

5211 

651*39 

Selenium 

Se 

39*75 

49687 

Silicon      

Si 

14*0 

175*0 

Silver  (Argentum)  ... 

Ag 

1080 

13500 

Sodium  (Natrium)  ... 

Na 

230 

287-5 

Strontium 

Sr 

43*75 

54687 

Sulphur    

S 

100 

200*0 

Tantalum 

Ta 

68-8 

8600 

Tellurium 

Te 

64*5 

80625 

Terbium    

Tb 

Thallium 

Tl 

304*0 

2550*0 

2%orinum 

Th 

59*5 

743*86 

Tin  (Stannum) 

Sn 

59*0 

7375 

Titanium 

Ti 

250 

3  "5 

Tungsten  ( W  olfram).. 

W 

920 

1 1500 

Uranium 

U 

60*0 

7500 
85584 

Vanadium 

V 

6846 

jLttrtum    

Y 

Zino 

Zn 

3375 

40937 

Zirconium (a) 

Zr 

44*75 

559*66 

Compoonds  with  Oxygen,  Ac. 


PbO,  litharge 

LCI,  chloride  of  lithium 

MgO,  magnesia 

(  MnOj,  black  oxide  of  man^ 

\     ganese 

I  HgjCl,  calomel 

i  HgCl,  corrosive  sublimate 

iMoS,,  bisulphide  of  molyln 
denum 
NiO,  protoxide  of  nickel 
NbOj*  niobic  anhydride 
HO,NOj,  nitric  acid ;  H,N, 

ammonia 
OsO^,  volatile  oxide  of  ot* 

mium 
O,  water 
PdO,  oxide  of  palladium 
PO.,  phosphoric  anhydride ; 
H3P,  pnosphuretted  by* 
drog:en 
^  tC]|,  bichloride  of  platinum 
HO.^O,  hydrate  of  potash 
CNaCl+EojCJ,,  double  chlo- 
i     ride  with  sodium 
EbCl,  chloride  of  rubidium 
jEugCl,,.  sesquichloride    of 
(     ruthenium 
SeO.,  selenious  anhydride 

iSiOg,  silica ;  SiCl^,  chloride 
of  silicon 
AgCl,  chloride  of  silver 
NaBr,  bromide  of  sodium 
SrO,  strontia 
HO.SOjoU  of  vitriol 
TaO.,  tantalic  anhydride 
KO/leOs,  tellurate  of  potas. 

[sium 
TlO.NOj.  nitrate  of  thallium 
ThO,  thorina 
SnOj.  tinstone 
TiOj.  ruttte 

WO,,  tuiigstic  anhydride 
UjO,,  uranic  oxide 
VO,.  vanadic  anliydride 
YO,  yttria 
ZnS,  blende 
ZrOj,  zirconia* 


*  Those  elements  to  which  no  numbers  are  attached,  have  been  too  incom- 
pletely studied  to  enable  the  chemist  to  assign  their  combining  proportions. 
A  short  summary  of  the  principal  data  upon  which  this  table  has  been  con- 
structed will  be  given  after  the  special  description  of  the  metab  has  been 
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(13)  Equivalents  —  Combining  Proportions  —  Atoms,  —  The 
chief  value  of  a  table  such  as  the  foregoing^  arises  from  the  cir- 
cumstance that^  as  already  mentioned,  it  not  only  represents  the 
quantities  of  the  different  elements  which  unite  with  8  parts  of 
oxygen,  but  it  also  indicates  the  simplest  proportions  in  which  they 
can  unite  with  each  other.  For  example,  not  only  do  i  part  by 
weight  of  hydrogen,  i6  parts  of  sidphur,  and  39  of  potassium 
severally  unite  with  8  parts  of  oxygen,  but  16  parts  of  sulphur 
&rm  a  compound  with  i  part  of  hydrogen,  and  another  compound 
with  39  parts  of  potassium.  Hence  16  parts  of  sidphur  are  in 
combination  equivalent  to  8  parts  of  oxygen,  and  39  of  potassiiun 
to  I  part  of  hydrogen.  These  numbers  are  therefore  termed  the 
chemical  equivalents  of  the  respective  substances  which  they 
represent. 

It  is  important  to  distinguish  between  the  ideas  chemical 
equivalent  and  conMning  proportion,  though  the  two  terms  are 
often  inaccurately  used  as  synonymous.  Bodies  can  only  be  cor- 
rectly said  to  be  equivalent  to  each  other  when  they  can  be 
sobstitated  for  each  other  in  combination,  to  form  compounds 
more  or  less  analogous ;  and  the  proportion  in  which  they  thus 
displace  each  other,  constitutes  their  equivalent  proportion  or 
numerical  chemical  equivalent.  Definite  quantities  of  silver, 
copper,  iron,  zinc,  and  potassium,  for  example,  may  be  substi- 
tuted one  for  the  other  in  combination  with  a  given  quantity  of 
chlorine.  In  like  manner,  certain  quantities  of  chlorine,  of 
bromine,  and  of  iodine,  may  be  made  to  combine  with  a  given 
quantity  of  silver;  the  quantity  of  bromine  which  will  displace 
the  iodine,  or  that  of  chlorine  which  will  displace  the  bromine, 
being  the  true  eqidvalent  quantities  of  these  elements,  when  com- 
pared with  each  other :  but  if  we  compare  chlorine  with  chloride 
(^  potassium,  inasmuch  as  chloride  of  potassium  and  chlorine 
cannot  be  substituted  one  for  the  other  in  any  compound,  the 
number  which  represents  that  proportion  in  which  the  two 
dements  have  united  to  form  chloride  of  potassium,  cannot,  as 
con^ared  with  chlorine,  properly  be  called  its  equivalent,  but  only 
its  combining  proportion,  although  in  common  chemical  language, 
the  two  expressions  are  used  indiscriminately  one  for  the  other. 


eompleted.  Tliey  rest  chiefly  upon  the  experiments  of  Berzelius,  who  devoted 
Bumy  years  of  hu  life  with  untiring  labour  and  wonderful  analytical  skill  to 
&  determination  of  these  numbers.  In  some  instances,  the  numbers  of  Ber- 
tdsoB  hare  undergone  slight  corrections  bv  the  researches  of  subsequent 
ehemitts,  particularly  of  Ve  Marignao»  of  f  elouze,  of  Dumas,  and  of  otas. 
The  papers  of  Dumas  upon  this  subject  are  contained  in  the  AnnaUs  <U  Chimie, 
m.  L  £,  Tiii^  189,  and  Iv.  129.  * 
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DISTINCTION   BETWEEN  ATOMS  AND   EQI7IVALENT8. 


In  the  foregoing  table  the  numbers  given  for  several  ot  the 
elementary  bodies  do  not  represent  the  proportions  in  which  they 
combine  with  8  parts  of  oxygen,  but  multiples  of  that  quantity^ 
the  numbers  in  the  table  to  which  (a)  is  prefixed  being  really  the 
atomic  weights.  The  following  are  the  numbers  which  would  re- 
present the  equivalents  of  aluminum,  antimony,  arsenicum,  bismuth, 
boron,  silicon,  tantalum,  and  zirconium :  they  coincide  with  the 
smallest  proportion  in  which  each  of  these  elementary  bodies  com- 
bines with  8  parts  of  oxygen  : — 


Aluminum  ... 

Zirconium  ... 

Silicon 

Tantalum    ... 

FhoBphorus 
Antimony  ... 
Arsenicum  ... 
Bismuth     ... 
Boron 

H=xi 

=  rtAl) 
=  {\  Zr) 

=  <t  S') 

=  (i  Ta) 

=  (iP) 
=  (i  Sb) 

=  (iA8) 

=  (i  Bi) 
=  (iB) 

913 

3339 
70 

344 

io*5 

400 
350 
700 

3-6 

With  the  exception  of  the  elements  enumerated  in  the 
preceding  list,  the  numbers  given  in  the  table  at  page  19, 
indicate  correctly  the  equivalents  of  the  various  elementary  bodies. 
Until  recently,  the  terms  equivalent  number  and  atomic  weight 
of  an  element  were  often  used  by  chemical  writers  as  synonymous 
and  convertible.  It  has,  however,  been  strongly  insisted  upon  by 
later  authors,  and  particularly  by  Laurent,  in  his  Chemical  Method 
(Cavendish  Society^s  translation,  p.  16),  that  there  is  really  an 
essential  difiPerence  between  them.  In  fact,  the  foregoing  tablcj 
though  it  gives  correctly  (with  the  exceptions  above  enumerated) 
the  equivalents  of  the  elements,  does  not  represent  with  equal 
accuracy  their  relative  atomic  weights.  The  equivalent  or  com- 
bining proportion  is  an  experimental  constant  which  is  inde- 
pendent of  theoretical  considerations;  but  the  relative  atomic 
weight  is  necessarily  a  matter  of  inference,  and  may  be  a  number 
often  a  multiple  of  the  equivalent,  and  selected  by  the  chemist 
from  theoretical  considerations,*  which  being  based  partly  upon 
the  law  of  gaseous  volumes  (15),  partly  on  chemical  grounds, 
partly  on  the  phenomena  of  specific  heat,  seem  to  require  that  the 
atomic  weights  of  a  large  number  of  the  elements^,  if  compared 
with  the  atomic  weight  of  hydrogen,  shoidd  be  double  of  those 


*  These  will  be  developed  in  the  course  of  the  work. 
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cited  in  tlie  table^  as  indeed  was  originally  proposed  by  Berzelius. 
The  most  recent  investigations^  in  fact^  seem  to  show  that  the 
elementary  bodies  may  be  arranged  in  four  groups^  as  follows — 
viz.: — 

1.  Monad  or  Uniequivalent  Elements^  one  atom  of  which  in 
combination  is  usually  equivalent  to  H^  or  one  atom  of  hydrogen. 
In  these  the  atomic  and  equivalent  numbers  are  identical.  These 
are  twelve  in  number. 

2.  Dyad  or  BiequwaletU  Elements^  each  atom  of  which,  in 
combining  with  other  bodies,  is  generally  equivalent  to  H^,  or  two 
atoms  of  hydrogen.  In  these  the  atomic  number  is  double  the 
equivalent  number.  This  group  includes  no  fewer  than  twenty- 
five. 

3.  Triad  or  Terequivalent  Elements,  each  atom  of  which,  in 
entering  into  combination  with  other  bodies,  is  generally  equivalent 
to  H3,  or  three  atoms  of  hydrogen.  These  are  nine  in  number. 
In  this  group  the  number  given  in  the  table  of  equivalents  (p.  1 9) 
is  really  the  atomic  number,  with  the  exception  of  aluminum  and 
rhodium,  in  which  case  the  usual  number  is  doubled ;  the  strong 
terequivalent  character  of  the  members  of  this  group  having  in- 
duced chemists  in  general  to  adopt  the  atomic  instead  of  the  true- 
equivalent  number. 

4.  Tetrad  or  Qtuidrequivaleni  Elements,  each  of  which  in  com- 
bining represents  H^  or  four  atoms  of  hydrogen.  Of  these  there 
are  eight.  Their  atomic  number  is  double  of  that  commonly 
adopted  for  the  equivalent. 

This  subject  will  be  resumed  more  advantageously  by  the 
student  at  a  later  period."*^  ^ 

Occasionally  it  wiU  be  found  convenient  to  indicate  the  class 
of  elements  by  affixing  dashes  to  the  symbols.  Thus  Caf'  would 
indicate  the  biequivalent  power  of  the  proportion  of  calciiun 
represented  by  the  symbols ;  T?'"  would  indicate  the  terequivalent 
power  of  phosphorus,  and  so  on.  In  accordance  with  these 
views,  the  following  table  gives  the  numbers  which  represent  the 
atomic  weights  of  each  of  these  difierent  classes  of  elements.  In 
each  case  where  the  numbers  about  to  be  given  for  the  atomic 
weights  of  any  of  the  elements  differ  from  those  employed  to 
represent  their  equivalents,  the  symbols  which  represent  these 
new  or  doubled  numbers  are  indicated  by  italics.  This  practice 
will  also  be  followed  whenever,  in  the  body  of  this  work,  I  may 
have  occasion  to  employ  atomic  instead  of  equivalent  symbols. 


*  See  the  introductory  chapter  to  the  third  volume  of  this  work. 
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1.  Monads— 
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■UTtiegmtalent  Blementi,  or  Elements  untally  equwalent 
to  1  atom  of  Hydrogen. 


Chlorine 
CceiiDm 

Flnorine 


liubidiun 
8iker... 
Sodium 


I  CaBr,  bromide  of  ccMJum;  C»HO,  hydnte  of 

(      cossinm 

HF,  hjdrofluoric  acid  ;   CaF..  fluor  spar 

HCl.  hydrochloric  acid  ;  H,6,  water 

KI,  iodide  of  potaasiura 

LCI.  chloride  of  lithium 

CEF.  fluoride  of  potaBsinm;  KHO,  hydrate  of 

i,      potash 

EhCi,  chloride  of  mhidium 

AsCl,  ohloride  of  «i]ver 

NsBr,  bronitde  of  dodium 

(  Til,  insoluhle  iodide  of  thallinin ;  TIN Oj,  nitrate 

}      of  thallium 


,  Dyads — Bieguivalenl  Elements,  or  Elements  ttsually  eguivalent 
to  3  atoms  of  Hydrogen. 


Xltnant. 

^ 

Wtrtjhl 

Compoond. 

Barium 

Ba 

i37'o 

BaClj.  chloride  of  barium  ;  BaO,  barvta 

Cadmium  ... 

Cd 

CdO,  oiide  of  uadraium ;    CrfCl,.  cadmio  chloride 

Caloium      ... 

Ca 

40-0 

a 0,  lime;  CoCl,.  chloride  of  calcium 
&,0,.red  oxide  of  cerium;  C(Cl,.cerou8cbloride 

1     moua  chloride 

Cerium 

ts. 

gao 

Chromium... 

Or 

52-5 

Cobalt 

•Co 

59-0 

CbCl,.  chloride  of  cobalt 

gS?Su„;:: 

Cu 

6j5 

C«0.  black  oxide  of  copper;  CuCI„onprio  chloride 

V 

9^0 

Z)0,  oxide  of  didymium 

Gludaum  ... 

o 

9'3 

GO.  glucina 

Iron   

Fo 

SS-O 

<,Fe,0„   red    oxide  of  irwi;    Jf«Cl„    ferrous 
X    7hl5ride 

Lanthannm.. 

La 

9J0 

LaO,  oiide  of  lanthannm 

L..d 

PA 

107-0 

PtO,  liUiarge;  PiL'l,.  chloride  of  lead 

Jf? 

^43 

jif.O,.   bWk  oxide   of  mauganeae;    M»C\, 
\     chloride  of  manganese 

Uinganew).. 

Mh 

550 

H«nmr>   ... 

^J 

aoo'o 

Hitk.1..   ... 

A> 

%l 

mo,  oxide  of  nickel ;  NiC\..  chloride  of  nickel 

?.'E„::: 

0 

e,0.  wat«r 

Pd 

■  06-5 

Sdeoium  ... 

St 

%\ 

ScO^  aelenioui  anhydride                             [ride 
SrO.  stroniia :  SrCL.  chloride  of  atronlium 
e,SO,.oil  of  vitriol ;  H,S,*uIphnrett8d  hydrogen 
K,7>a.  teUnnte  of  potasainm 
do.thorina 

Strontium ... 

Sr 

ISfe„::: 

S 

3^0 

n 

IJ9-O 

Thorinum  ... 

n 

ns'o 

rr»nium    ... 

V 

IM-O 

tr.O.  nnuiio  oxide ;  rCI_  nnnous  chloride 

Zinc, 

z» 

•iSS 

Z'tS.  blende ;  ZaCl,  chloride  of  line 
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3.  TViads — Terequivalent  Elements,  or  Elements  usually  equivalent 

to  3  atoms  of  Hydrogen,* 


Element. 


Alaminum .. 
Antimony... 
Aneoicum.. 
Biamuth   ... 

Boron 

Gold 

Nitrogen  ... 

Phosphoros 
Bhodinm  ... 


Syin. 

Atomio 

boL 
Al 

Woght 

275 

Sb 

132 

As 

75 

Bi 

310 

B 

10*9 

Au 

1960 

N 

14 

P 

31 

Bo 

1043 

Compound. 


Al^O^,  alomina 

Sbs^,,  common  sniphide  of  antimony 

A^O,,  white  arsenic-;  AsCI,,  chloride  of  arsenic 

BiClj,  chloride  of  bismuth 

BCL.  chloride  of  boron ;  BjOj^boracic  anhydride 

AuCL,  soluble  chloride  of  gold 

HNO,,  nitric  acid ;  H,N,  ammonia 

H3P,  phosphuretted  hydrogen;  T^Og,  phos- 
phoric anhydride 

NaCl+i^oCl,,  double  chloride  of  rhodium  and 
sodium 


4.  Tetrads — Quadrequivalent  Elements,  or  Elements  usually 

equivalent  to  4  atoms  of  Hydrogen. 


Element. 


Carbon 
IV^iobium  ... 
Platinum  ... 

Silicon 

Tantalum... 
Tin  ...  ••. 
Titanium  ... 
Zirconium .. 


Sjm- 

Atomic 

boi 

c 

Weight. 

13 

m 

975 

Pt 

8% 

'r 

Ta 

138-0 

8n 

1 1 8-0 

Ti 

500 

Zr 

895 

Compound. 


CO^  carbonic  anhydride ;  CB.^,  marsh  gas 
NbO^f  niobic  anhydride ;  NbCl^,  niobic  chloride 
PtC\^,  soluble  chloride  of  platinum 
8iOy  silica ;  iStCl4,  chlorioe  of  silicon 

chloride 
ftin 

.&»\/j,   Auv««v  t      ^PV/.4»    ..viu.^   vu.v.  *v*v   vr>    vxtSUlU 

ZrO],  zirconia;  ZrCl^,  chloride  of  zirconium 


The  subject  of  equivalents  will  be  referred  to  again  when  con- 
sidering the  different  varieties  of  salts. 

(14)  Applications  of  the  Law  of  Equivalents. — Compound  bodies 
unite  with  other  compounds^  just  as  simple  bodies  unite  with  other 
simple  ones^  and  the  combining  numbers  of  such  compounds  are 
usually  represented  by  the  sum  of  the  combining  numbers  of  all  the 


*  There  is  some  difficulty  in  deddins  whether  the  following  metals  should 
be  r^;arded  as  dyads  or  as  triads,  as  they  form  compounds  with  2  and  with 
3  atoms  of  chlorine ;  but  whether  d^ad  or  triad,  the  atomic  weight  will  be 
the  same  as  that  given  in  the  list  which  foUows  :— 


Iridium 

Mol^^bdenum 
Osmium     ••• 
Butheniom  .* 
Tungsten  ••• 
Vanadium... 


Compound. 


ii^O,,  sesquiozide  of  iridium 
MoS^,  bisulphide  of  molybdenum 
0»0^,  volatile  oxide  of  osmium 
BuO^,  ruthenic  anhydride 
W0^9  tungstic  anhydride 
VO^^  vanadic  anhydride 
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elements  which  enter  into  their  composition :  the  combining  number 
of  the  compound  can  never  be  less  than  that  sum,  but  sometimes 
it  is  a  multiple  of  that  number.  For  example,  the  combining 
numbers  of  the  following  compoimds  are  thus  obtained : — 

Hydrochloric  add  (i  At.  H  =  i  -f  i  At.  CI.  =  35-5)  HCI  =  36*5 

Ammonia (3  At.  H  =  3-f-i  At.  N    =  14)  H,N  =  17*0 

Common     salt  ) 

(chloride    of  >  (i  At  Na.=33-f  i  At.  CI  =355)  KaCl  =58-5 

sodium)  ...      ) 

Water (2  At.  H  =  2+1  At  O    =  16)  H,0  =  180 

Potash       (2  At  K  =78+1  At  0    =  16)  K,0  =94'o 

Hydrate  of  potash  ( i  At.  K  =39  -f  i  At  H    =  i  + 1  At.  0=  16)  KH  0=  560 

^fcmoniir.  1  (^  ^^-  H,N=i7+i  At  HC1=  36s)=H,N, HCI        =535 

The  law  of  equivalents  holds  good  not  only  between  the  com- 
pounds formed  by  the  union  of  simple  substances  with  each  other, 
but  also  between  the  bodies  formed  by  the  combination  of  com- 
pound substances  with  other  compounds.  Indeed,  the  reactions 
between  compounds  often  exhibit  very  striking  exemplifications 
both  of  the  generality  of  this  law  and  of  the  manner  in  which 
it  may  be  turned  to  useful  account.  The  following  example  of  the 
reaction  between  common  salt  or  chloride  of  sodium,  and  nitrate 
of  silver,  will  afford  an  illustration  of  this  kind. 

Chloride  of  sodium  is  a  compound  consisting  of  23  parts  of 
sodium  and  355  of  chlorine ;  its  combining  number  is  therefore 
58*5.  In  like  manner,  nitrate  of  silver  consists  of  108  parts  of 
silver,  and  62  of  nitrogen  and  oxygen,  or  nitric  acid  radicle,*  to- 
gether forming  170,  which  we  should  expect  to  represent  its  com- 
bining number.  This  salt,  when  dissolved  in  water,  is  without 
action  upon  either  red  or  blue  litmus  paper.  Common  salt  is 
likewise  perfectly  neutral  in  its  reactions  upon  coloured  tests. 

If  now  we  mix  together  a  solution  of  58*5  parts  of  chloride  of 
sodium  with  a  solution  of  170  parts  of  nitrate  of  silver,  a  very  in- 
structive result  is  obtained :  the  sodium  and  the  silver  change  places; 
the  nitrogen  and  oxygen,  or  nitric  acid  radicle,  unite  with  the 
sodium  to  form  nitrate  of  sodium ;  and  the  chlorine  unites  with 
the  silver  to  form  chloride  of  silver.  This  chloride  is  insoluble, 
and  is  therefore  precipitated  in  white  flocculi.  But  the  remaiic- 
able  point  is,  that  there  is  neither  more  nor  less  of  the  nitric  acid 
radicle  than  is  required  by  the  sodiimi,  neither  more  nor  less 
chlorine  than  will  combine  with  the  silver :  35*5  of  chlorine  are 
chemically  equivalent  to  6a  of  the  nitric  acid  radicle,  and  may  be 


*  In  equivalents  I^O^,  in  atoms  NO,. 


.  DOUBLE   BBCOMPOSITION.  27 

labstituted  finr  it  in  combination ;  and  io8  of  silver  are  as  truly 
eqoiyalent  to  23  of  sodium. 

This  interchange^  or  double  decomposition  as  it  is  often  termed, 
ii  illustrated  hj  the  diagram  that  follows : — 

Before  Decompotition.  After  Decomposition. 

(Chloride 


H^!^{  !f:^s^— -^'«n«f  sa™ 

14-0  Nitrogen  --^^^^-^  CNitrate 

480  Oxygen^.-"         "===-^  850^ 

io8-o  Silver  ^  ^ 


CNitrate 
^7^'nof  Sflver 


aa8-5  228-5  ^^^'^ 

The  solutions  after  mixture  are  still  without  action  upon  either 
blue  or  red  litmus  paper. 

If  instead  of  using  exactly  the  equivalent  quantities  of  the  two 
salts,  an  excess  of  either  had  been  employed, — suppose  that  200 
iiMtead  of  170  parts  of  nitrate  of  silver  had  been  used, — this  ex- 
cess of  30  parts  would  not  have  influenced  the  result,  but  would 
have  remained  unchanged  in  the  solution.  One  great  advantage, 
therefore,  that  is  derived  from  the  employment  of  a  table  of  equi- 
valents, is  economy  in  the  use  of  the  materials  employed  in  the 
formation  of  compounds,  since  by  its  means  it  is  possible  to  cal- 
culate the  exact  proportions  of  the  chemical  agents  which  would 
be  required  in  order  to  obtain  the  full  effect  of  their  mutual  reaction. 

The  law  of  eqidvalent  proportions  also  forms  the  basis  upon 
which  most  of  the  calculations  in  chemical  analysis  are  founded  : — 
Suppose  it  were  desired  to  ascertain  the  proportion  of  silver  pre* 
sent  in  the  solution  of  nitrate  of  silver.  By  collecting  on  a  filter 
the  precipitate  produced  on  adding  chloride  of  sodium  in  slight 
excess  to  a  given  bulk  of  the  liquid,  then  washing,  drying,  and 
weighing  the  powder  with  suitable  precautions,  the  quantity  of 
silver  could  be  at  once  calculated ;  for  it  is  a  necessary  consequence 
of  the  law  of  equivalent  combination  that  every  143*5  grains  of 
chloride  of  silver  contains  108  grains  of  silver.  From  this  result 
the  proportion  of  nitrate  of  silver  in  the  solution  could  also  be 
deduced  with  equal  ease,  inasmuch  as  108  grains  of  silver  for  con- 
yesrsion  into  nitrate  would  require  62  grains  of  the  nitric  acid 
radicle,  and  would  therefore  represent  1 70  grains  of  nitrate  of  sil- 
ver;  or  143*5  grains  of  chloride  of  silver  would  indicate  the  presence 
of  170  grains  of  nitrate  of  silver  in  the  liquid  under  examination. 

(15)  Law  qf  Vohme$. — ^When  bodies  are  capable  of  assuming 
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the  form  of  gas  or  vapour,  a  very  simple  relation  has  been  observei 

between  the  volumes  or  bulks  of  any  two  gases  which  combine 

together.     It  has  been  {aund,  for  example,  that  the  gases  unite 

together  either  in  the  proportion  of  equal  bulks,  or  else  that  two 

measures  or  volumes  of  the  gas  which  may  be  distinguished  as  A, 

combine  with  one  measure  of  a  second  gas  which  may  be  called 

B,  or  that  three  measures  of  A  unite  with  one  measure  of  B,  or 

sometimes  that  three  measures  of  A  unite  with  two  of  B.     Some 

simple  proportion  of  this  kind  is  always  observed  between  the 

volumes  of  two  gases  which  enter  into  combination.    The  cause  of 

tluH  uniformity  depends  upon  the  fact,  that  if  quantities  of  each 

clement  be  compared  in  the  ratio  of  their  atomic  weights,  when 

converted  into  vapour  (under  similar  circumstances  as  regards  temj 

pcrature  and  pressure)  they  will  all  yield  the  same  volume  of  vapour, 

or  a  simple  multiple  of  it. 

For  example,  taking  a  number  of  grains  of  each  element  which 

corresponds  with  its  atomic  weight : — 

Cubic  Inches. 

I  grain  of  hydrogen,  at  60®  F.  and  30  inchesBar.  =  46*66 

14  grains  of  nitrogen =  46*66 

16  grains  of  oxygen =  46*66 

35*5  grains  of  chlorine =  46*66 

and  BO  on. 

In  other  words,  nitrogen  is  14  times  as  heavy  as  hydrogen, 
oxygen  16  times  as  heavy,  and  chlorine  35*5  times  as  heavy  as 
hydrogen. 

(/ombination  by  volume,  therefore,  is  to  be  carefully  distin- 
guished from  combination  by  weight. 

After  the  union  of  the  gases  with  each  other,  the  bulk  of  the 
compound,  though  it  is  often  less  than  the  joint  bulk  of  the  two 
separate  goMcs,  yet  bears  a  simple  relation  to  it.  It  may  happen 
that  the  two  gases  combine  without  undergoing  any  change  of 
volume ;  or  three  volumes  of  the  gases  may  become  condensed  into 
tlio  space  of  two ;  or  three  volumes  may  occupy  the  bulk  of  one 
n)lumo ;  or,  again,  two  volumes  may  be  condensed  into  the  space 
of  one  >^lumo. 

The  mode  of  combination  of  hydrogen  with  chlorine  and  with 
oxygon  may  bo  taken  as  an  illustration  of  some  of  these  points. 
Hydn>gon  gas  unites  with  gaseous  chlorine  in  the  proportion  of  one 
volume  of  each  to  form  hydrochloric  acid,  or  one  part  by  weight  of 
hydrtHCon  to  35*5  parts  by  weight  of  chlorine,  the  two  gases  after 
their  oombinatiou  still  occupying  two  volumes,  or  the  same  bulk 
wliich  they  did  when  separatCi  though  their  united  weight  is  of  course 
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36*5.  But  when  hydrogen  gas  combines  with  oxygen  gas  in  the 
formation  of  water^  nnion  takes  place  in  the  proportion  of  two 
Tolumes  of  hydrogen  to  one  volume  of  oxygen.  This,  there- 
fore, corresponds  by  weight  to  2  parts  of  hydrogen  and  16  of 
oxygen.  Supposing  that  the  two  gases  before  their  union  were 
heated  to  a  temperature  above  the  boiling-point  of  water,  say 
350^,  and  the  product  of  the  combination  after  union  has  oc- 
curred were  still  maintained  at  the  same  high  temperature,  the 
steam  produced^  instead  of  occupying  the  space  of  three  volumes, 
becomes  condensed  into  that  of  two ;  but  the  weight  of  the  steam 
formed  is  equal  to  that  of  the  united  weights  of  the  oxygen  and 
hydrogen  which  have  entered  into  its  'composition. 

Compound  gases  and  vapours,  in  combining,  follow  the  same 
r^;ularity  and  simplicity  in  the  proportions  by  volimie  in  which 
they  unite^  as  is  observed  to  prevail  among  elementary  bodies ;  and 
the  compounds  resulting  from  such  union,  when  gaseous,  or  con- 
vertible into  vapour,  exhibit  the  same  equally  simple  ratio  in  bulk 
to  that  of  their  components.* 

It  is,  in  fact,  a  general  rule,  that  the  molecules  of  compound 
bodies,  when  in  the  aeriform  state,  occupy  equal  volumes ;  this 
volume  is  exactly  double  the  volume  of  the  atom  of  hydrogen. 
To  this  role,  indeed,  there  are  some  apparent  exceptions ;  but  the 
number  of  these  is  gradually  diminishing,  under  the  explanations 
afforded  from  time  to  time  by  the  progress  of  science. 

*  In  order  to  give  precision  to  our  language,  it  will  be  convenient  here  to 
draw  a  distinction  between  two  magnitudes  of  the  component  particles  of  all 
elementary  bodies — viz.:  i.  The  Atom,  or  smallest  and  chemically -indivisible 
particle  ot  each  element  which  can  exist  in  a  compound,  united  with  other  par- 
ticles either  of  the  same  or  of  different  elements,  but  which  is  not  known 
in  a  separate  form ;  and  2.  The  Molecule,  or  the  smallest  quantity  of  any 
elementary  substance  which  is  capable  of  existing  in  a  separate  form,  H,  for 
instance,  represents  the  atom  of  hydrogen,  whilst  HET,  or  H,,  indicates  its 
molecule.  Each  molecule  of  a  monad  appears  always  to  consist  of  two  atoms. 
Assuming  that  the  molecule  of  any  element  in  vapour  always  occupies  two 
volumes  (H=i),  the  molecules  of  oxygen,  sulphur,  selenium,  and  tellurium, 
each  contain  2  atoms ;  but  the  metallic  dyads,  mercury  and  cadmium,  yield  a 
vapour  the  molecule  of  which  contains  onlv  a  single  atom  of  the  element ; 
eoold  the  experiment  be  made  with  the  otner  metallic  dyads — zinc,  copper, 
Ae. — it  is  probable  that  the  molecule  of  this  class  of  elements  would  in  each 
ease  be  found  to  contain  but  a  single  atom. 

The  molecule  of  the  triad  nitrogen  contains  two  atoms ;  but  that  of  phos- 
phoms  and  of  arsenic  contains  4  atoms.  Analogy  would  lead  to  the  belief 
that  the  molecule  of  antimony  and  of  bismuth  would  also  contain  4  atoms. 

The  application  of  the  terms  atom  and  molecule  may  be  extended  to  com- 
pound suDstanoes,  a  compound  atom  being  the  smallest  quantity  of  any  com- 
pound substance  which  is  capable  of  existing  in  combination  with  other 
particles  of  matter ;  and  the  molecule  of  a  compound  is,  as  before,  the  smallest 

anantity  of  that  substance  which  can  exist  in  an  isolated  or  separate  condition ; 
)us,  if  CJS^  represent  the  compound  atom  of  ethyl  (the  radicle  of  ether), 
(C,Hf,  C,HJ,  or  (CsH^)],  would  indicate  its  molecule. 


[olecolar 
weight. 

BelatiTe 
density. 

2 

=.        1 

3^'5 
46 

93 

=      1825 
=      23 
=      465 
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The  compUcated  bodies  of  organic  chemistry  when  thfey  admit 
of  being  vaporized^  obey  this  law  of  vapour  volume  as  strictly  as 
the  simplest  combinations  of  inorganic  nature.  A  molecule  g£ 
hydrochloric  acid  (HCl)^  for  instance^  yields  the  same  volume  of 
vapour  as  a  molecule  of  alcohol  (C^U^O),  or  as  a  molecule  of  the 
still  more  complex  body  aniline  (C^H^N).  Consequently,  if  the 
weight  of  a  given  bulk  of  hydrogen  be  taken  as  the  unit  of  com- 
parison, the  vapour  densities  of  compound  bodies  are  represented 
by  half  their  atomic  or  molecular  weight ;  for  example : — 

Equal 
vols. 

Hydrogen  (free)  .     .  (HH) 

Hydrochloric  acid     .  (HCl) 

Alcohol      ....  (CjH^O) 

Aniline      ....  (CgH^N) 

(16)  Symbolic  Notation, — Before  proceeding  further,  it  will  be 
advantageous  to  describe  the  principles  of  notation,  as  applied  in 
the  construction  of  chemical  formulae.  This  notation  constitutes  a 
kind  of  short-hand,  which  materially  facilitates  the  representation 
of  chemical  changes,  since  it  greatly  abridges  the  labour  of  de« 
scription,  and  with  a  little  practice,  enables  the  student  to  trace  at 
a  glance  reactions  even  of  a  complicated  character.  Its  employ- 
ment has,  in  fact,  become  indispensable  both  to  the  teacher  and  to 
the  pupil. 

Every  elementary  substance  is  represented  by  a  symbol,  consist- 
ing of  the  first  letter  of  its  Latin  name ;  in  cases  where  more  than 
one  element  has  the  same  initial,  a  second  distinguishing  letter  is 
added.  These  symbols,  when  used  singly,  always  represent  one 
atom  of  the  body  which  they  indicate.  The  symbol  0,  therefore 
stands  for  one  atom  of  oxygen ;  H,  for  one  atom  of  hydrogen ;  C, 
for  one  atom  of  carbon,  and  so  on. 

A  compound  body  is  represented  by  writing  the  symbols  of  its 
constituent  atoms  side  by  side ;  thus  HCl  indicates  one  molecule 
of  hydrochloric  acid,  CaO  one  moleculeof  lime,  the  quantities  in- 
cluded in  each  formula  always  indicating  1  molecule  of  the  com- 
pound. 

If  it  be  necessary  to  express  that  more  than  one  atom  of  a 
body  enters  into  the  formation  of  a  molecule,  the  object  is  attained 
by  writing  a  small  figure  to  the  right  of  the  letter  below  the  line : — 
Hg  would  indicate  a  molecule  of  hydrogen ;  H^O^,  a  molecule  of 
peroxide  of  hydrogen,  composed  of  2  atoms  of  hydrogen  and  2  of 
oxygen ;  CO^  one  molecule  of  carbonic  anhydride,  composed  of  1 
atom  of  carbon  and  2  oxygen. 
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Secondary  compounds,  such  as  salts,  are  expressed  in  an  analo*- 
gons  way,  the  metal  being  usually  placed  first,  C11CO3  representing 
one  molecule  of  carbonate  of  calcium.  When  a  comma  is  used  to 
8q>arate  two  compounds,  a  more  intimate  union  is  supposed  than 
when  the  sign  +  is  used.  Thus,  in  the  formula  for  crystallized 
sdphate  of  magnesium  and  potassium  {MgSO^  Kj^O^+dHgO),  the 
compound  MgSO^  is  supposed  to  be  more  intimately  united  with 
K^O^  than  the  6H,0,  which  may  be  readily  expelled  by  heat. 
Where  it  is  necessary  to  indicate  more  than  one  molecule  of  a 
compound,  the  whole  formula  of  that  compoimd  is  preceded  by 
the  indicating  number.  Thus  if  H  be  i  atom  of  hydrogen,  H,  its 
molecule,  3H2  will  indicate  3  molecules  of  hydrogen.  If  brackets 
be  used,  the  figure  prefixed  multiplies  nothing  beyond  the  symbols 
included  within  the  brackets,  as  for  example,  ^{MgSO^'\'^H^O), 
3  atoms  of  crystallized  sulphate  of  magnesium.  Frequently  the 
employment  of  brackets  is  neglected,  and  then  the  figure  prefixed 
multiplies  all  the  symbols  included  between  it  and  the  next  conmia, 
or  sign  of  addition. 

A  very  little  practice  will  make  these  various  modifications 
fiuniliar  to  the  mind.  To  expedite  the  acquisition  of  this  know-* 
ledge,  the  student  will  find  it  advantageous  to  exercise  himself  in 
the  expression  of  chemical  changes  by  symbols,  whenever  the  op« 
portunity  occurs,  xmtil  he  is  thoroughly  acquainted  with  their 
signification  and  use.  The  reaction  between  nitrate  of  silver  and 
chloride  of  sodium  (14),  might  be  expressed  by  symbols  in  a  single 
line,  which,  if  the  combining  numbers  of  the  elements  concerned 
wo^  fixed  in  the  memory,  would  convey  all  the  information  of  a 
minute  description,  thus — 


Chloride  of 
Sodiiun. 

Nitrate  of              Chloride  of 
Silver.                    Silver. 

+ 

Nitrate  of 
Sodium. 

NaQ          + 

AgNOj     yield     AgCl 

NaNOj 

CHAPTER  II. 

WEIGHTS  AND    MEASURES — SPECIFIC   GRAVITY. 

(17)  Weights  and  Measures. — The  foundation  of  all  accuracy 
in  experimental  science  consists  in  the  possibility  of  determining 
with  exactness  the  quantity  and  the  bulk  of  those  substances  which 
are  submitted  to  examination.  In  the  force  of  gravity  we  possess 
an  unvarying  standard  of  comparison.  A  pound  weight,  for 
example^  at  the  same  spot  of  the  earth's  surface^  is  invariably  at* 
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tracted  towards  the  earth  with  the  same  fbroe,  so  that  its  weight 
is  tmiformly  the  same  at  that  spot. 

The  fbroe  of  gravity  diminishes  slowly  finom  the  pole  to  the 
equator.  A  mass  of  matter  which  would  compress  a  spring  with 
a  force  equal  to  that  of  194  lb.  at  the  equator^  would  act  upon  it 
with  a  force  of  195  lb.  at  the  poles.  This  difference  would  not,  of 
course,  be  perceived  in  the  ordinary  mode  of  weighing  by  the 
balance,  as  both  the  weights  and  the  body  weighed  would  be  simi- 
larly and  equally  affected* 

The  common  process  of  weighing  consists  in  estimating  the 
force  with  which  any  given  mass  is  attracted  towards  the  earth,  by 
comparison  with  other  known  quantities  of  matter,  arbitrarily 
selected  for  the  purpose ;  consequently,  the  weight  of  a  body  is  the 
expression  in  terms  of  the  standard  so  selected,  of  the  exact  amount 
of  force  which  is  required  to  prevent  the  body  imder  examination 
from  falling  to  the  ground. 

The  standard  of  weight  used  in  this  country  is  the  avoirdupois 
pound,  which  is  subdivided  into  7000  grains. 

The  system  of  weights  is  connected  with  the  measures  of  capa- 
city in  use  in  this  country,  through  the  medium  of  the  Imperial 
gallon  j  which  is  defined  by  an  Act  of  Parliament  of  the  year  1824 
to  be  a  measure  containing  10  lb.  avoirdupois  of  distilled  water, 
weighed  in  air  at  a  temperature  of  62°  F.,  the  barometer  standing 
at  30  inches.  The  gallon  of  distilled  water,  therefore,  contains 
70,000  grains. 

Tlicse  measures  of  capacity  are  related  to  those  of  length  by 
the  determination  that  a  gallon  contains  277*276  cubic  inches. 
A  cubic  inch  of  distilled  water  weighs,  in  air  at  62°,  with  the  baro- 
meter at  30  inches,  252*456  grains ;  in  vacuo  (23)  it  weighs  252722 
grains.  The  standard  of  length  is  the  yard  measure,  and  is  sub- 
divided into  ^6  inches.* 

(18)  French  System  of  Weights  and  Measures, — The  French 
system  of  weights  and  measures  is  connected  together  in  a  manner 
far  more  philosophical  than  the  foregoing ;  and,  as  it  is  the  one 
gcneraUy  adopted  by  scientific  men  abroad,  and  is  gradually  being 
introduced  into  the  writings  of  men  of  science  in  this  country,  it 
is  essential  that  the  principles  upon  which  it  is  based  should  be 
understood. 

The  standard  of  reference  is  a  measurement  of  one  of  the  great 

*  In  order  further  to  connect  the  measures  of  length  with  those  of  weight. 
Captain  Kater  determined  the  length  of  a  seconds  pendulum,  the  oscillations 
of  which  are  produced  by  the  action  of  the  force  of  gravity.    The  length  of  a 

£endulum,  which  beats  seconds  at  the  level  of  the  sea  in  vacuo,  and  in  the 
ititude  of  Greenwich,  he  found  to  be  39*13929  inches. 
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eircles  encompassing  the  earth  itself.     The  ten-millionth  part  of  a 
quadrant  of  the  meridian  constitutes  the  unit  of  the  system.  This 
quadrantal  arc  was  fixed  at  6213  miles  and  1450  yards  English 
measure ;  consequently  the  ten-millionth   part  of  this,  the  metre , 
is  equivalent  to  39*37079  English  inches,  nearly  3^  inches  more 
than  our  standard  yard,  or  a  fraction  of  an  inch  longer  than  the 
seconds  pendulum.     This  metre  is  subdivided  into  tenths,  called 
decimetres ;  hundredths,  or  centimetres ;  and  thousandths,  or  milli' 
metres.     A  millimetre  amounts  very  nearly  to  T^th  of  an  English 
inch,  and  a  centimetre  to  nearly  f  ths  of  an  inch.     A  kilometre,  or 
thousand  metres,  nearly  ^  of  an  English  mile,  is        ^ 
employed  in  many  parts  of  France  as  the  ordinary 
road  measure.      Fig.  3  represents  a  decimetre  sub-     '  Z^' 
divided  into  centimetres,  one  of  which  is  subdivided 
into  millimetres,  compared  with  English  inches.    The 
measures  of  capacity  are  connected  with  those  of 
length  by  making  the  unit  of  capacity  in  this  series 
a  cube  of  a  decimetre,  or  3*937  English  inches  in 
the  side;  this,  which  is  termed  a  litre,  is  equal  to  1*765 
Imperial  pints,  or  rather  more  than  if  English  pints. 
The  litre  is  again  subdivided  into  tenths,  or  deci- 
litres, and  hundredths,  or  centilitres ;  and  finally,  the 
system  of  weights  is  connected  with   both  the  pre- 
ceding, by  taking  as  its  unit  the  weight  of  a  cubic 
centimetre  of  distilled  water,  at  the  temperature  of     ®^^^ 
39°*a  F. ;   it  weighs  15*432  English  grains.     The 
gramme,  as  this  quantity  is  called,  is  further  sub- 
divided into  tenths,  or  decigrammes ;  hundredths,  or 
centigrammes;    and   thousandths,  or  milligrammes; 
and  its  higher  multiple,  loco  grammes,  forms  the 
kilogramme.    The  kilogramme  is  the  commercial  unit 
of  weight,  and  is  something  less  than  %\  lb.  avoir- 
dupois, being  15432*3  English  grains.     The  litre,  as 
it  consists  of  1000  cubic  centimetres  of  water,  at      0.01. 
39^*2,  contains  exactly  a  kilogranmie  of  water,  and  is   o.oos2 
equivalent,  at  39°*2,  to  61*024  cubic  inches  English. 

(19)  The  Balance. — The  familiar  operation   of 
weighing  is  for  the  most  part  eflTected  by  means  of  the  balance. 

This  instrument  consists  essentially  of  an  inflexible  bar,  deli- 
cately suspended  at  a  point  exactly  midway  between  its  extremities, 
from  which  depend  the  scale-pans ;  in  one  of  these  the  weights, 
in  the  other  the  objects  to  be  weighed,  are  placed.  When  the 
balance  is  in  eqmlibrio,  the  arms  of  the  beam  assume  a  direction 
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perfectly  horizontaL  The  main  points  requiring  attention  are — 
jst.  Equality  in  the  lengths  of  the  arms  of  the  beam ;  7,nA,  sus- 
pension of  the  lever  just  above  its  centre  of  gravity;  and3rd^  care 
that  the  friction  at  the  points  of  suspension  both  of  the  beam  and 
of  the  scale-pans  be  reduced  to  a  minimum.  The  points  of  sup- 
port in  delicate  balances  are  usually  made  of  fine  edges  of  har- 
dened steel,  which  bear  against  flat  polished  plates  of  agate. 
Provided  that  the  suspensions  be  suflBciently  delicate,  it  is  easy, 
by  the  process  of  double  weighing,  to  obtain  exact  weighings  by 
means  of  a  balance  the  arms  of  which  are  not  equal.  For  this 
purpose,  the  material  to  be  weighed  is  accurately  balanced  with 
shot,  sand,  or  any  other  convenient  substance ;  it  is  then  removed 
from  the  pan,  and  weights  substituted,  until  the  sand  or  shot  re- 
maining in  the  other  pan  is  again  accurately  counterpoised :  the 
number  of  weights  needed  will  show  the  weight  of  the  substance 
under  experiment.  In  all  delicate  experiments  the  balance  must 
be  screened  from  currents  of  air,  and  the  bodies  weighed  must 
have  sensibly  the  same  temperature  as  that  of  the  surrounding 
atmosphere,  otherwise  currents  of  air,  ascending  or  descending 
within  the  case,  will  be  produced,  and  they  will  impair  the  accuracy 
of  the  observation.  A  good  balance  will  indicate  a  difference  of 
weight  equal  to  about  to-oIo-ott  of  what  it  will  carry  in  each  pan. 

Specific  Gravity. 

(20)  If  equal  bulks  of  matter  of  different  kinds  be  compared 
together,  they  will  be  found  to  differ  very  greatly  in  weight. 

lb  Grains. 

100  cubic  inches  of  hydrogen  will  weigh  2*14 

„  „  of  air  „  31-00 

„  „  of  water  ,,  3*604   25246*00 

„  „  of  iron  „  28-110 

„  „  of  platinum  „  75'68o 

Platinum,  the  heaviest  body  with  which  we  are  acquainted,  is 
upwards  of  200,00c  times  as  heavy,  bulk  for  bulk,  as  hydrogen, 
which  is  the  lightest  material  known. 

The  comparison  of  the  weights  of  equal  bulks  of  different  bodies, 
when  referred  to  a  uniform  standard,  constitutes  their  specific 
gravity y  or  relative  weight,  i.e.,  the  weight  which  is  specific  or 
peculiar  to  each  kind  of  matter.  The  specific  gravity  of  a  body 
forms  one  of  its  most  important  and  distinguishing  physical  cha- 
racters. The  mineral  iron  pyrites,  for  instance,  is  in  colour  almost 
exactly  like  gold ;  but  it  is  at  once  distinguished  from  the  precious 
metal  by  the  difference  in  specific  gravity,  an  equal  bulk  of  gold 
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being  nearly  four  times  as  heavy.  The  numbers  used  to  represent 
the  specific  gravity  of  solids  or  liquids  are  obtained  by  comparing  a 
known  weight  of  the  body  under  experiment,  with  the  weight  of  an 
equal  bulk  of  distilled  water^  which  has  been  selected  as  the  standard 
of  reference.  In  this  coimtry  the  experiment  is  made  at  a  tem- 
perature of  60°  P.  For  gases  and  vapours,  atmospheric  air  at  60°, 
while  the  barometer  stands  at  30  inches,  is  employed  as  the  stan^ 
dard.*  For  the  purpose  of  calculating  the  specific  gravity  of  any 
sabstance^  solid  or  liquid,  it  is  therefore  simply  necessary  to  ascer- 
tain, first,  the  weight  of  the  body  in  question,  then  that  of  an  equal 
bulk  of  water.  When  this  is  done,  we  obtain  by  simple  proportion 
the  specific  gravity  of  the  body  under  examination,  that  of  water 
being  assumed  as  i.  If,  as  is  the  case  with  a  large  number  of 
solids,  they  are  heavier  than  water,  the  specific  gravity  merely 
tells  how  many  times  heavier  they  are  than  their  own  bulk  of  that 
Uquid : — 

Weij^ht  of)     (  Specific  gravity  1       (  Weight  of]     C  Specific 
equal  bulk  >  :  <       of  water.       (''  {    body  iu    >  :  <  gravity 
of  water.  )     (  I'coo  J       (       air        )     (.required. 

(21)  Specific  Gravity  of  Liquids  and  Gases. — The  determina- 
tion of  the  weights  of  equal  bulks  of  any  liquid  and  of  water  is 
easily  made  in  the  following  manner : — Take  a  light  bottle  fur- 
nished with  a  stopper,  and  weigh  it  when  empty;  fill  it  with  water, 
and  weigh  it  again ;  the  difference,  of  course,  will  be  the  weight  of 
the  water  which  it  contains.  Empty  the  bottle,  rinse  it  out  with 
a  little  of  the  liquid  for  trial,  then  fill  it  with  the  liquid,  and  weigh. 
On  deducting  the  weight  of  the  bottle,  we  obtain  the  weight  of  a 
bulk  of  liquid  exactly  equal  to  that  of  the  water.  In  practice  it 
is  usual  to  employ  a  bottle  that  holds  exactly  1000  grains  of  dis- 
tilled water  at  60°,  because  when  such  a  bottle  is  filled  with  the 
liquid  under  trial,  the  weight  in  grains  of  the  liquid  represents  the 
specific  gravity  at  once,  without  calculation.  For  convenience,  a 
counterpoise  of  brass  is  adjusted  to  the  weight  of  the  empty  bottle. 
Suppose  the  counterpoised  bottle,  which  when  filled  with  water 
weighs  1000  grains  in  addition  to  the  counterpoise,  to  be  filled 


*  Unforinnately  the  standard  temperature  and  preesure  adopted  in  France 
differs  from  that  employed  in  England.  In  France,  32°  F.  is  the  standard 
temperature ;  and  760  millimetres,  or  39*922  inches  is  the  height  of  the  baro- 
meter which  is  assumed  as  the  standard  pressure.  The  unit  of  density,  how-, 
ever,  is  the  volume  of  an  equal  bulk  of  water,  not  at  32°,  but  at  39°'2,  the  point 
of  maximum  density  of  this  liquid.  (143) 

These  relations  are  much  more  complex  than  those  adopted  in  England ; 
though  in  the  case  of  liquids  and  gases  there  is  an  advantage  in  the  facility  of 
leeoriiig  a  onifomi  temperature  of  32°  at  all  times,  by  the  use  of  melting  ice. 
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with  pnre  alcohol ;  it  iriD  now  wo^  only  792  grains,  and  the 
■pecific  grziity  of  the  alcohol  will  be  0*791;  fix-  ioc»  :  I'ooo  :: 
792  :  0792.  The  same  battle  filled  with  oQ  of  vitriol  would  weigh 
1 845  grains.  Its  speciS.c  gravity  would  therefiwe  be  represented 
as  1-845. 

,,,„  ,  For  accurate  porposes,  a  flask  of  the  annexed 

form  (fig.  4]  is  preferable  to  all  others ;  a  mark  at  a, 
in  the  contracted  portion  of  the  neck,  indicates  the 
level  occupied  by  1000  grains  of  water  at  60°.  The 
flask  filled  with  the  liquid  tinder  trial,  a  little  above 
,_^  this  mark,  is  then  placed  for  an  hour  in  water, 
which  must  be  maintained  at  60**.  At  the  end  of 
that  time  the  superfluous  liquid  in  the  flask  is  drawn 
I  oS*  by  means  of  a  pipette  till  it  stands  exactly  at  the 
I  level  of  the  mark ;  the  stopper  is  inserted,  and  the 
weight,  after  careful  drying  of  the  outside,  is  taken. 
Bottles  which  contain  only  100  or  200  grains  up  to 
the  graduation  on  the  neck  may  be  employed  instead  of  the  larger 
one  when  the  quantity  of  liquid  is  small. 

The  determination  of  the  specific  gravity  of  gases  is  the  same 
in  principle ;  a  fiask  or  globe  is  weighed  when  empty,  again  when 
filled  with  air,  and  a  third  time,  when  the  gas  ander  trial  has  been 
substituted  for  atmospheric  air.  Gases,  however,  are  liable  to  con- 
siderable changes  of  bulk  &om  slight  variations  of  external  circum- 
stances ;  hence,  in  taking  their  specific  gravity,  certain  precautions 
arc  necessary,  which  will  be  fiilly  described  further  on  (146). 

{22)  Specific  Gravity  of 
Solids. — With  solids,  a  difie- 
rent,  but  not  less  simple 
method  is  adopted,  though 
resting  on  a  principle  by  no 
means  so  obvious.  Thb  prin- 
ciple was  one  of  the  great  dis- 
coveries of  Archimedes;  it 
may  be  thus  explained : — • 
M'hen  a  body  is  plunged  be- 
neath the  surface  of  a  liquid 
it  obviously  displaces  a  bulk 
of  such  liquid  equal  to  itself, 
and  consequently  it  is  pressed 
upon  or  supported  in  the 
liquid,  with  a  force  exactly 
equal  to  that  with  which  the 
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particles  of  the  liquid  were  supported,  when  they  previously  occu- 
pied its  place ;  the  solid  will  therefore  appear  to  have  lost  weight 
exactly  equivalent  to  that  of  the  bulk  of  liquid  which  it  occupies. 
The  operation  required  for  ascertaining  the  specific  gravity  con- 
sists, therefore,  in  weighing  the  solid  in  air,  then  having,  as  in  fig.  5, 
suspended  it  by  a  horsehair  from  the  scale-pan,  placing  it  in  distilled 
water  at  60°,  and  again  weighing ;  the  difference  of  the  two  weights 
will  be  that  of  its  own  bulk  of  water. 

A  piece  of  lead  for  instance,  weighs  in  air     •     •     820  grains. 
„  „  „  in  water.     .     749  grains. 


Loss :  being  the  weight  of  an  equal  bulk  of  water,    71  grains. 

The  specific  gravity  of  the  lead  is  obtained  from  these  data  by 
the  application  of  proportion,  in  the  following  manner : — 

71  :  I'ooo  ::  820  :  x  (=11-54),  sp.  gr.  of  lead. 

The  rule  for  obtaining  the  specific  gravity  of  a  solid  may  there- 
fore be  expressed  in  the  following  terms :  Divide  the  weight  of  the 
body  in  air  by  the  loss  which  it  experiences  when  weighed  in  water; 
the  quotient  is  the  required  specific  gravity.  The  experimental 
proof  of  the  correctness  of  the  principle,  viz.,  that  the  solid  loses 
weight  equal  to  that  of  the  water  which  it  displaces,  is  easily  given. 
Take  a  solid  metallic  cylinder  which  accurately  fits,  and  completely 
fills,  the  cavity  of  a  cylindrical  cup ;  coimterpoise  the  two  when 
suspended  in  air  from  one  extremity  of  the  balance  beam.  Then 
withdraw  the  metallic  plug,  and  suspend  it  by  a  hair  to  a  hook  at 
the  bottom  of  the  cup,  which  must  still  remain  attached  to  the 
balance,  and  place  the  plug  so  suspended  in  distilled  water ;  the 
counterpoise  will  now  be  much  too  heavy ;  fill  the  cylindrical  cup 
with  water — (add,  that  is,  the  weight  of  a  bulk  of  water  equal  to 
the  bulk  of  the  plug,)  and  the  equipoise  will  be  restored. 

OccasionaQy  it  happens  that  a  knowledge  of  the  specific  gravity 
of  a  body  in  the  form  of  a  powder  is  required ;  in  such  a  case  the 
method  of  taking  the  specific  gravity  requires  to  be  slightly  modi- 
fied. Suppose  that  it  be  desired  to  find  the  specific  gravity  of  a 
species  of  sand ;  we  may  proceed  as  follows  : — Take  a  bottle  which 
contains,  when  full,  a  known  weight  of  distilled  water,  1000  grains, 
f«  example;  weigh  into  it,  when  empty,  a  quantity,  e. ^.,  150 
grains^  of  sand.  Supposing  that  the  sand  had  not  displaced  any 
water^  the  bottle  when  filled  up  with  that  liquid,  would  now  weigh 
1 150  grains ;  but  on  actually  weighing  the  bottle  after  it  has  been 
fiUed  up,  it  is  found  that  the  water  and  sand  together  weigh  only 
1096  grains ;  the  sand  therefore  has  displaced  54  grains  of  water. 
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We  have  thus  the  data  for  calculating  the  specific  gravity  of  the 

sand^  as  follows : — 

54  :  I '000  : :  T50  :  J?  (=2764),  the  specific  gravity  of  the  sand. 

If  the  substance  be  soluble  in  water,  it  must  be  weighed  in  air  as 
usual ;  then  in  spirit  of  wine,  in  oil  of  turpentine,  or  in  some  liquid 
which  docs  not  dissolve  it,  and  the  specific  gravity  of  which  is  known. 
If  the  body  be  so  light  as  to  float  in  water,  it  must  be  first 
weighed  in  air,  and  then  attached  to  a  solid,  the  weight  of  which 
in  water  has  been  ascertained,  and  which  is  suflSciently  heavy  to 
keep  the  lighter  body,  when  fastened  to  it,  beneath  the  surface ; 
the  weight  in  water  of  the  two  united  bodies  is  then  determined, 
and  the  result  thus  obtained  is  deducted  fix)m  the  weight  of  the 
heavier  solid  in  water :  if  to  this  remainder  the  weight  of  the  light 
body  in  air  be  added,  we  are  furnished  with  the  weight  of  a  bulk 
of  water  equal  to  that  of  the  lighter  solid,  and  have  the  data  for 
calculating  the  specific  gravity  by  proportion,  in  the  usual  manner. 

(23)  The  Hydrometer. — Another  method  of  tak- 
ing the  specific  gravity  of  liquids  consists  in  the 
use  of  the  instrument  called  the  hydrometer  or  areo* 
meter.*  The  hydrometer  (tig.  6)  consists  of  a 
graduated  stem,  which  is  made  to  float  vertically  in 
the  liquid,  by  means  of  a  hollow  ball  of  glass  or 
brass  counterpoised  by  a  duly  adjusted  weight  at- 
tached to  the  lower  end  of  the  instrument.  A  por- 
tion of  the  stem  of  the  instrument  must  always  float 
above  the  surface  of  the  liquid  the  specific  gravity 
of  which  is  to  be  determined.  It  is  obvious,  that 
when  placed  in  any  liquid  contained  in  a  vessel  of 
suflBcient  depth,  it  will  sink  until  it  has  displaced  a  bulk  of 
liquid  equal  to  its  own  weight:  in  a  dense  liquid  it  will  sink  to  a 
smaller  depth,  in  a  lighter  liquid  it  will  sink  to  a  greater  extent ; 
an  additional  portion  of  the  stem  being  in  the  latter  case  im- 
mersed, until  it  has  displaced  a  suflScient  additional  quantity  of  the 
liquid  to  compensate  for  the  diminished  density  of  the  liquid  under 
trial.  The  instrument  may  either  be  supplied  with  a  scale  gra- 
duated upon  the  stem  by  trial  in  liquids  of  known  specific  gravity, 
so  as  to  give  the  result  by  mere  inspection,  or  an  arbitrary  scale 
of  equal  parts  may  be  used,  and  the  values  indicated  may  be 


*  The  term  hydrometer  means  water  or  liquid  measurer,  from  vb<ap,  water, 
and  fitrpov,  a  measure ;  areometer  is  derived  from  hpaibs,  rare,  and  fierpov. 
Tables  of  Baumd's  and  Twaddell's  hydrometers  will  be  found  in  the  Appendix, 
Vol.  iii. 
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ascertained  by  reference  to  tables  constructed  for  the  purpose. 
In  practice,  it  is  found  convenient  to  employ  two  instruments, 
one  of  which  is  graduated  for  liquids  lighter  than  water,  the  other 
for  those  which  are  heavier ;  the  need  of  an  inconvenient  length 
of  stem  is  thus  obviated. 

The  hydrometer  is,  with  suitable  precautions,  capable  of 
affording  very  accurate  results.  A  particular  form  of  the  instru- 
ment, known  as  Sikes^s  hydrometer,  is  employed  by  the  Exdse  for 
determining  the  strength  of  spirituous  liquors.  The  ordinary  glass 
instruments,  however,  only  furnish  approximations  to  the  truth, 
which  are  quickly  obtained,  and  for  the  common  purposes  of  the 
arts  are  sufficiently  exact. 

(24)  Correction  for  JVeiffhings  taken  in  Air. — The  apparent 
weight  of  every  substance  in  the  atmosphere  (that  is,  the  force 
with  which  it  appears  to  be  drawn  to  the  earth),  is  always  a  little 
less  than  its  actual  weight,  because  the  air  presses  upon  and  sup- 
ports the  body  with  the  same  force  with  which  it  would  support  a 
portion  of  air  of  the  same  bulk  as  the  body  itself.  The  weight  of 
this  displaced  portion  of  air  may  be  easily  ascertained,  if  the  specific 
gravity  of  the  body  be  known ;  for  fix)m  the  observed  weight  of 
the  body,  we  can  calculate  directly  the  weight  of  an  equal  bulk  of 
water,  and  -g-j-T-  of  this  weight  will  give  the  weight  of  a  corre- 
sponding bulk  of  air  at  mean  temperature  and  pressure.  This 
weight  must  be  added  to  that  actually  found;  at  the  same  time  a 
similar  and  opposite  correction  will  be  required  for  the  metallic 
weights  used  in  the  experiment,  because  they  will  also  appear  to 
be  lighter  than  they  really  are ;  and  an  amount  of  weight  greater 
than  the  true  one  will  be  required  to  effect  the  counterpoise.  If, 
therefore,  the  weights  have  the  same  specific  gravity  as  the  body 
counterpoised,  the  two  corrections  will  neutralize  each  other ;  but 
if,  as  in  weighing  gases,  there  is  a  great  difference  between  them, 
the  correction  will  be  one  of  importance.  The  true  weight 
sought  will  be  thus  obtained : — Add  to  the  weight  of  the  body 
in  air  the  weight  of  the  bulk  of  air  which  it  has  displaced,  and 
deduct  from  this  the  weight  of  the  bulk  of  air  displaced  by  the 
weights  employed. 

The  correctness  of  the  foregoing  observations  admits  of  an  easy 
expenmental  illu»tration.  If  a  light  body,  such  as  a  piece  of  cork, 
be  suspended  in  air  from  one  end  of  a  scale  beam,  and  be  counter- 
poised at  the  other  end  by  a  metallic  weight,  then  on  placing  the 
apparatus  imder  the  receiver  of  the  air-pump,  and  exhausting  the 
air,  the  cork  will  gradually  acquire  the  preponderance;  but  on 
again  admitting  the  air,  the  equilibrium  will  be  restored. 
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CHAPTER  III. 

ON   SOME   VARIETIES   OF   MOLECULAR   FORCE. 

I.  Elasticity. — II.  Cohesion. — III.  Adhesion. — IV.  Crystallization. 

(25)  Besides  the  attractive  power  of  gravity,  which  operates 
through  distances  so  vast  that  the  mind  is  lost  in  the  attempt  to 
estimate  and  explore  them,  other  forms  of  attraction  exist;  but 
they  are  exerted  only  through  distances  so  minute,  as  to  be  in- 
appreciable to  our  unaided  senses :  and  yet,  upon  the  exertion  of 
these  forces,  the  form,  and  even  the  chemical  properties  of  bodies 
depend. 

The  first  of  these  forces  is  known  as  cohesion ;  it  acts  between 
the  particles  of  matter  which  are  similar  in  kind.  The  intensity 
of  this  force  determines  whether  the  body  be  solid,  liquid,  or 
gaseous. 

The  second  of  these  forces  is  that  of  adhesion ;  it  is  exerted 
between  dissimilar  kinds  of  matter,  and  unites  them,  as  in  the  case 
of  the  intervention  of  cements,  into  one  consistent  whole. 

The  third,  and  to  the  chemist  the  most  important  of  these  forces, 

is  that  known  as  chemical  attraction,  which  causes  the  union  of 

dissimilar  particles  of  matter  of  invisible  minuteness,  re-arranges 

.    these  particles  in   new  forms,  and  produces   a  compound  body 

endowed  with  new  properties, 

Reacting  against  all  these  molecular  attractions,  is  the  repulsive 
power  of  heat,  which  may  be  raised  high  enough  to  overcome 
them  all,  and  which  in  a  modified  form,  when  balanced  against  these 
attractive  forces,  produces  that  equipoise  in  distance  between  the 
constituent  particles  of  material  objects  in  general,  which  is  desig- 
nated as  elasticity. 

Forces  which  thus  act  at  these  minute  distances  only,  are 
termed  molecular  forces,  in  contradistinction  to  those  which  like 
gravity,  act  upon  the  mass,  and  operate  through  great  distances. 

§  I.  Elasticity — mechanical  properties  of  gases. 

(26)  By  elasticity  we  understand  the  resistance  that  a  body 
ofiers  to  compression  or  to  extension,  and  the  power  which  it 
possesses  of  regaining  its  form  or  bulk  when  the  pressure  or 
tension  is  withdrawn. 

The  law  which  regulates  elasticity,  in  perfectly  elastic  bodies, 
may  be  expressed  by  the  statement  that  the  resistance  is  directly 
jjrqportioned  to  the  compressing  force.     Thus  a  bow,  or  a  spring 
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bent  to  a  certain  extent  with  a  force  of  lo  lb.,  will  be  bent  to 

double  that  extent  with  a  force  of  20  lb. 

All  solids  have  limits  to  their  elasticity,  and  there  are  very 

few  which  are  perfectly  elastic,  even  within  those  limits ;  that  is 
to  say,  there  are  few  solids  which  perfectly  recover  their  form 
after  having  been  stretched  or  compressed ;  if  compressed  beyond  a 
certain  point,  they  either  '  set,'  and  alter  their  shape,  as  is  the  case 
with  lead ;  or  they  break,  as  is  the  case  with  glass.  The  elasticity 
of  glass  and  steel  is,  within  the  bounds  of  their  cohesion,  almost 
perfect :  that  of  caoutchouc,  on  the  contrary,  is  imperfect ;  for,  by 
frequent  stretching,  it  becomes  permanently  elongated. 

liquids  possess  a  small,  but  very  perfect  elasticity,  which 
Taries  in  amount  in  different  liquids ;  the  densest  liquids,  in  general, 
being  those  which  least  admit  of  compression.  The  following 
table  exhibits  some  experimental  results  obtained  on  this  subject 
by  Colladon  and  Sttirm  {Ann.  de  Chimie,  II.  xxxvi.  113,  225.) 


Compressibility  of  Liquids. 

Liquid  med. 

Temp.  *  P. 

Mean  compreuion 

in  milUontht 
for  each  additional 

Bangeof 
pressure  in 

Variations 
in  com- 

atmosphere. 

atmospheres. 

pressibility. 

Mercury      

3»° 

503 

I  to  30 

regular 

Sulphuric  Acid   ... 

$f 

320 

I   „    16 

$f 

W  aXCT   .■•       ...       ... 

f» 

513 

I    n   24 

tt 

Acetic  Ether 

$t 

760 

I    „    16 

79  to  71 

Oil  of  Turpentine.. 

»> 

840 

93*5 

I    „    26 

regular 

Hydrochloric  Ether 
Alcohol 

I    >»    13 
I    M    24 

859  to  82-3 
96-2  „  89 

Ether   

t$ 

1450 

I    »    24 

150  ,f  141 

One  million  parts  of  mercury,  for  example,  were  found,  by  each 
additional  pressure  of  15  pounds  upon  the  square  inch,  to  diminish 
in  bulk  5'03  parts.  One  million  parts  of  water  suffered  a  com- 
pression ten  times  as  great,  being  reduced  more  than  51  parts; 
the  pressure  of  the  atmosphere  being  estimated  on  an  average  at 
15  pounds  upon  every  square  inch  of  the  earth^s  surface. 

Renault  has  more  recently  determined  the  compressibility 
both  of  water  and  of  mercury  with  very  great  care.  He  considers 
the  results  of  Colladon  and  Sturm  to  be  a  little  too  high ;  and 
estimates  the  diminution  in  the  volume  of  mercury  for  each  atmo- 
sphere at  3'5  millionths  of  its  bulk ;  whilst  he  found  that  of  water 
to  be  equal  to  47  millionths  of  its  bulk. 

The  compressibility  of  liquids  is  greater  at  low  than  at  high 
temperatures.     It  decreases  as  the  compressing  force  is  increased. 

(27)  Boyk^s  or  Matrioite^s  Law  of  Elasticity  in  Gases, — \\.Sa, 


ELASTICITY    OP   GASBB — HARBtOTTE's   LAW. 

howeTer,  in  gOBes  that  the  most  extensive  and  perfect 
display  of  elasticity  is  to  be  seen ;  their  great  elastici^ 
couBtitutes  indeed  their  most  important  physical  pccu< 
liarity.  It  may  be  stated  without  seosible  error,  that 
within  the  limits  of  ordinary  experiment,  '  the  Tolume 
of  an  aeriform  body  is  inversely  as  the  pressure  to 
which  it  is  exposed :'  consequently  by  doubling  the 
pressure  we  halve  the  volume,  by  trebling  it  we  reduce 
it  to  one  third ;  '  but  the  elasticity  is  iucreased  directly 
as  the  pressure ;'  by  doubliug  the  pressure  we  double 
the  elasticity.  These  facts  are  strikingly  exhibited 
in  the  following  experiment  devised  by  Boyle,  and 
more  accurately  performed  by  Marriotte ;  and  the  law 
has  hence  been  termed  Boyle's  or  Marriotte's  law : — 
Take  a  bent  tube  (fig.  7)  of  uniform  bore,  one  limb 
of  which  is  about  la  inches  long,  and  fumisbcd  with 
a  stop-cock;  the  other  limb  being  6  feet  in  length  and 
open  at  the  top.  Pour  a  little  mercury  into  the  bend 
of  the  tube,  and  close  the  stop-cock.  The  air  in  the 
short  limb  is  now  of  the  same  elasticity  as  that  of  the 
atmosphere  at  the  spot ;  aud  the  air  at  the  surface  of 
the  earth,  as  will  presently  be  more  fiilly  explained,  is 
uoder  the  prcssiu^  due  to  the  weight  of  its  own  super- 
incumbent mass ;  the  amount  of  this  pressure  is  ascer- 
tained by  observing  the  height  of  the  mercurial  column 
in  the  barometer  at  the  time.  Nest  pour  mercury 
into  the  open  limb  of  the  bent  tube ;  the  air  in  the 
shorter  limb  will  slowly  diminish  in  bulk  :  when  the 
mercury  in  the  longer  Umb  stands  above  the  level  of 
that  in  the  shorter,  at  a  height  exactly  equal  to  die 
height  of  the  barometer  at  the  time,  say  30  inches, 
the  compressed  air  will  occupy  a  length  of  the  shorter 
tube,  exactly  equal  to  one  half  of  that  which  it  did 
at  the  beginning  of  the  experiment ;  the  air  is  subject 
to  a  pressure  exactly  double.  On  adding  more  mer< 
cury,  till  the  length  of  the  colmnn  in  the  long  tube, 
above  the  level  of  that  in  the  shorter,  is  equal  to  twice 
the  height  of  the  barometric  column,  the  pressure  will 
be  increased  threefold,  and  the  air  will  now  occupy 
only  oue-tbird  of  its  original  bulk,* 


*  The  reaearches  of  Despretz.  and  the  more  recent  and  elaborate  esperi* 
ments  or  Keguault  have,  however,  ihown  that  this  law  ii  not  rieidlj  acxarate. 
,For  atmospheric  air,  for  hydrogen,  oxygen,  and  nitrogeu,  and  generallf  for 
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(28)  Mutual  Repulsion  of  the  Particles  of  Gases. — Gases  and 
?apoars^  or  elastic  fluids,  as  they  are  frequently  termed,  differ  from 
liquids  in  the  entire  absence  of  cohesion  among  their  particles.  A 
Tessel  may  be  filled  either  partially  or  completely  with  a  liquid, 
aad  this  liquid  will  have  a  definite  level  surface  or  limit.  With 
gases  it  is  otherwise ;  they  always  perfectly  fill  the  vessel  that  con- 
tains them,  however  irregular  its  form.  Instead  of  cohesion  there 
is  a  mutual  repulsion  among  their  particles.  These  particles  have 
a  continual  tendency  to  recede  further  from  each  other,  and  they 
therefore  exert  a  pressure  in  an  outward  direction  upon  the  sides 
of  the  vesBel  which  contains  them.  This  outward  pressure  is 
greater  or  less  according  as  the  elasticity  of  the  gas  is  increased 
or  diminished.  Indeed,  the  bulk  of  a  gas  depends  entirely  upon 
the  pressure  which  is  exerted  upon  it.  These  facts  admit  of  ex- 
perimental proof  in  the  following  way : — 

Procure  a  stout  cylindrical  glass  tube  open  at  one  extremity, 
and  capable  of  being  closed  at  the  other  by  a  stop-cock  ;  fit  it  with 
a  soUd  plunger  that  slides  air-tight  up  and  down  within  it ;  open 
the  stop-cock,  place  the  plunger  half  way  down,  and  fill  the  vessel 
with  some  coloured  gas,  such  as  chlorine,  for  example,  as  sho^vn 
in  fig.  8 :  now  close  the  stop-cock  and  draw  the  piston  upwards, 
the  gas  will  be  seen  to  dilate,  and  the  green  vapour  will  still  en- 
tirely fill  the  tube;  but  a  considerable  resistance  to  the  upward 
motion  of  the  piston  is  experienced,  the  dilated  gas  has  its  elasticity 
reduced  below  that  of  the  external  air,  and  on  releasing  the  handle. 


gases  which  have  either  never  been  liquefied,  or  onlj  liquefied  under  enormous 
pressures,  the  law  is  very  nearly  correct,  even  under  a  pressure  of  several  at- 
mospheres ;  but  for  gases  which  may  be  liquefied  more  readily  it  is  not  so,  the 
nearer  they  are  maae  to  approach  to  the  point  of  liquefaction  the  greater  is 
the  difference  between  the  volume  actually  observed,  and  the  result  calculated. 
The  contraction  is  always  found  to  be  more  considerable  by  experiment, 
than  it  should  be  by  the  law  usually  assumed.  (197) 

Some  of  the  results  obtained  by  Begnault  are  embodied  in  the  following 
table ;  they  show  considerable  deviations  from  the  law  in  four  important  gases 
imder  high  pressures. 

SUuticity  of  Oases  at  High  Pressure, 


PreMorein 
Atmospheres. 

Air. 

Nitrogen. 

Carbonic  Acid. 

Hydrogen, 

I 
10 
20 

I'OOO'OOO 

9*916-220 
1 9*  7 19*880 

I'OOO'OOO 

9' 943-590 
I9-788-580 

I'OOO'OOO 
9'326'20O 

i6-705'400 

I'OOO'OOO 
10056070 
2O'208'27O 

The  elasticity  of  hydrogen  therefore  increases  even  more  rapidly  than  the 
pressure ;  with  the  other  gases  the  elasticity  does  not  quite  keep  pace  with  it. 
it  would  seem  from  these  experiments  as  if  there  were  more  probability  of 
liqaefyio^  oxygen  than  nitrogen,  and  both.  tkeM  than  hydrogen. 
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Fio.  8.  the  piston  is  forced  back  to  the  middle  of  the  tube ;  the 
elasticity  of  the  gas  within,  and  that  of  the  air  without, 
are  now  equal.  Now  attempt  to  thrust  the  piston  to  the 
bottom  of  the  tube ;  great  resistance  will  be  experienced, 
but  the  gas  will  yield  to  the  pressure  and  will  be  condensed 
into  a  smaller  space,  while  its  elasticity  will  be  propor- 
tionately increased ;  but  the  instant  that  the  pressure  is 
discontinued,  the  piston  will  rise  up  again,  and  occupy  its 
first  position  midway  between  the  two  ends  of  the  cylinder. 
(29)  Air-Pump, — Advantage  is  taken  of  this  elasticity 
and  expansibility  of  gases  in  the  construction  of  the  air- 
pump,  an  instrument  designed  for  the  removal  of  air  from 
closed  vessels.  The  principle  of  its  construction  may  be 
explained  in  the  following  manner ; — 

Suppose  that  a  metallic  cylinder,  accurately  bored,  be 

fitted  with  a  piston  similar  to  that  shown  in  fig.  8,  but 

provided  in  addition  with  a  small  opening,  covered  by  a 

flap   or   valve   of  oiled   silk,  which  opens  upwards   or   outwards 

(fig.  9) ;  on  forcing  the  piston  downwards  the  compressed  air  will 

escape  through  the  valve,  but  on  attempting  to  withdraw  the  piston 

no  air  will  be  able  to  re-enter  the  cylinder,  and  a  resis- 

'^'   tance  will  be  experienced,  owing  to  the  pressure  on  the 

upper  surface  of  the  piston  occasioned  by  the  elasticity  of 

In  the  external  air.  If  the  cylinder  be  provided  with  a 
second  valve  at  the  bottom,  opening  in  the  same  direction 
as  that  in  the  piston,  this  valve  will,  on  thrusting  down 
the  piston,  be  closed  by  the  elasticity  of  the  included  air, 
while  the  upper  valve  will  be  opened ;  on  withdrawing  the 
piston  the  efiect  is  reversed,  and  the  lower  valve  rises,  the 
air  enters,  while  the  valve  in  the  piston  is  firmly  closed. 
Such  an  arrangement  constitutes  the  exhausting  syringe 
or  air-pump  in  its  simplest  form.  In  the  usual  and  more 
convenient  form  of  the  air-pump  (fig.  10),  a  brass  tube 
passes  from  the  bottom  of  the  syringe  and  terminates  in 
the  centre  of  a  disk  of  brass  or  of  glass,  ground  accurately 
flat :  the  vessel  from  which  the  air  is  to  be  exhausted  also 
has  its  edge  ground  truly,  and  it  is  inverted  upon  the 
plate.  On  elevating  the  piston,  the  elasticity  of  the  air  within  the 
vessel  or  receiver  raises  the  lower  valve,  and  the  dilated  air  enters 
the  vacuum  produced  in  the  lower  part  of  the  cylinder  by  with- 
drawing the  piston ;  the  air  thus  admitted  again  raises  the  valve 
of  the  piston,  when  the  latter  is  so  far  depressed  as  to  render  the 
elasticity  of  the  air  beneath  it  superior  to  that  of  the  atmosphere : 
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the   same    actioQ   goes  on  pia.  la. 

sith  every  successive  motion 
of  the  piston,  until  tlie  elas- 
I  ticity  of  the  air  vithin  be- 
comes so  much  diminished 
as  to  be  insufficient  to  raise 
the  lower  valve.  For  conve- 
nience, two  of  these  ex- 
hausting syringes  are  often 
combined  in  the  air-pump, 
and  are  made  to  work  alter-  j 
nately  by  a  rack  and  pinion.  { 
(30)  Air  -  Pump  with 
Single  Barrel.  —  A  more 
complete   vacnum    may  be 

obtained  witb  a  pump  of  simpler  conBtntction,  but  the  labour 
of  nsing  it  is  considerably  greater.  The  difference  between  this 
form  of  the  instrument  and  the  one  just  described  will  be 
readUy  understood  with  the  assistance  of  fig.  11.  This 
pomp  consists  of  a  single  barrel,  within  which  a  solid  F"'-  '^■ 
plunger,  a,  moves  air-tight.  The  plunger  is  connected 
with  a  smooth  solid  rod,  a,  which  also  works  air-tight 
through  a  stuffing-box,  s,  at  the  top  of  the  barrel.  In 
dug  stuffing-box  is  a  conical  metallic  plug,  or  valve,  v,  ' 
opciiiDg  upwards  and  projecting  a  little  way  below  the 
under  sur&ce  of  the  stuffing-box,  which  is  ground  flat. 
"Hie  communication,  p,  between  the  plate  of  the  pump 
and  the  barrel,  is  made  at  a  sufficient  distance  from 
the  bottom  to  allow  the  plunger  to  pass  completely 
beyond  it.  la  order  to  use  the  instrument  the  plunger 
is  carried  dovm  to  the  bottom  of  the  barrel,  the  re- 
ceiver is  then  attached  to  the  plate,  and  the  piston 
raised.  In  rising,  the  air  contained  in  the  barrel  i 
throngli  the  valve  in  the  stuffing-box,  and  bubbles  up  through  the 
oil  placed  there  to  keep  the  joints  air-tight.  When  the  piston 
DOW  descends,  a  complete  vacuum  is  formed  above  it,  until  it  passes 
bdow  the  aperture  which  leads  to  the  receiver ;  the  air  theu  rushes 
in  above  the  piston ;  this  portion  is  in  turn  expelled  by  raising  the 
piston  again ;  and  the  exhaustion  may  in  this  way  be  carried  on 
till  it  becomes  almost  complete,  because  the  valve  is  now  raised  not 
■imply  by  the  elasticity  of  the  air  confined  between  it  and  the 
piston,  but   it   is  pushed  up  by  the  upper  surface  of  the  piston 
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Fig.  13. 


itself^  and  the  last  bubble  of  air  is  displaced  by  a  drop  of  oil 
which  flows  past  the  valve  and  thus  effects  its  expulsion. 

(31)  Elastic  Force  of  Air. — The  increase  in  bulk  of  the  en- 
closed air^  and  consequent  decrease  in  its  elasticity^  may  be  illus- 
trated by  placing  a  tube^  blown  into  a  bulb  at  one  end^  full  of 
air^  and  with  its  open  mouth  downwards  inserted  in  a  vessel  con- 
taining water,  under  the  receiver  of  the  pump.  With  each  move- 
ment of  the  piston,  the  air  in  the  bulb  expands,  while  a  portion 
of  it  in  the  act  of  expanding  escapes,  and  bubbles  up  through  the 
water.  An  amusing  variation  of  this  experiment  may  be  made  by 
placing  a  number  of  shrivelled  apples  in  the  receiver,  and  then 
working  the  pump.  The  apples  contain  air  in  their  pores,  which 
is  prevented  firom  escaping  by  the  rind ;  on  working  the  pump  the 
diminished  pressure  causes  this  imprisoned  air  to  expand ;  in  con- 
sequence,  the  apples  swell  up,  and  regain  their  fresh  and  plump 
appearance.  The  illusion  vanishes  the  moment  the  atmospheric 
air  is  readmitted,  because  the  pressure  of  the  external  air  reduces 

that  in  the  apples  to  its  former  bulk.  The 
elastic  force  thus  exhibited  is  very  considerable, 
as  may  be  shown  by  the  following  experiment. 
Take  a  thin  vessel,  such  as  a  light  flask,  and 
seal  it  up  full  of  air ;  now  if  the  air  be  exhausted 
from  a  receiver  placed  over  it,  the  flask  will  be 
burst  into  fragments.  The  powerful  pressure 
which  air  exerts  against  the  internal  surface  of 
the  vessels  in  which  it  is  contained,  may  also 
be  exhibited  by  allowing  a  weight  of  several 
pounds  to  rest  upon  a  bladder  placed  under  the 
receiver  of  the  air-pump;  on  exhausting  the  air 
from  the  receiver,  the  air  in  the  bladder  ex- 
pands, and  lifts  the  weight. 

(32)  Condensing  Syringe. — If  the  valves  in 
the  syringe  be  made  to  open  in  the  opposite 
direction  to  those  of  the  air-pump,  the  instru- 
ment constitutes  the  condensing  syringe.  By 
attaching  it  to  a  reservoir  capable  of  resisting 
the  pressure,  as  shown  in  fig.  12,  air  may  be 
compressed  without  diflBculty,  and  stored  up  as 
a  mechanical  power ;  the  elasticity  of  air  so  com- 
pressed is  capable  of  being  brought  suddenly 
into  exercise,  and  thus  a  force  of  great  inten- 
sity may  be  applied.    Instances  of  this  kind  are 
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femisfaed  in  the  compresaed  air-fountain, 
and  in  the  common  forcing  pomp,  one 
variety  of  which  constitutes  that  invalu- 
able machine,  the  fire-engine.  A  still 
more  Btriking  illustration  ia  seen  in  the 
atr-^un,  where  the  power  of  compressed 
air  ia  made  to  execute  the  ofBee  of  ordi- 
nary gunpowder,  a  suhstance  which  may 
be  regarded  as  a  magazine  of  condensed 
air  which  can  be  brought  into  action  at 
wilL 

(33)  »'«?*'  «/  '^  Air.—Bj  means 
of  the  &ir-pnmp  it  ia  easy  to  ahow  by  di- 
rect eiperiment,  that  air,  in  common  with 
every  form  of  matter,  has  weight,  and  even 
to  measure  its  weight.  For  this  purpose 
swell  shaped  globular  flask,  v,  tig.  13,' 
fbrniahed  with  a  small  stop-cock,is  screwed  ' 
to  the  plate  of  the  pump,  and  the  air  is 
exhausted.  In  this  state  it  is  transferred 
to  a  good  balance  and  accurately  coun- 
terpoised ;  it  is  then  attached  to  a  graduated  jar,  o,  filled  with 
air,  also  provided  with  a  atop-cock,  and  standing  over  water;  the 
iiKRnent  that,  by  opening  the  stop-cocks,  a  communication  is  made 
between  the  jar  and  the  flask,  the  air  rushes  into  the  exhausted 
vessel.  The  amount  that  thus  enters  is  read  off  by  noticing  the 
level  of  the  water  before  the  atop-cocks  are  opened,  and  then  esti- 
mating  ita  rise  afterwards  by  the  marks  on  the  side  of  the  jar. 
On  transferring  the  flaak  back  to  the  balance,  it  will  be  found  to 
have  increased  in  weight  several  grains. 

Minute  attention  to  a  variety  of  circumstances  is  required  to 
QLinre  a  correct  result  in  this  experiment.  It  is  by  experiments 
conducted  on  this  principle  that  the  average  weight  of  the  air  has 
been  well  ascertained.   (146) 

According  to  Prout,  100  cubic  inches  of  air  at  a  temperature 
of  60°  F.,  when  the  column  of  mercury  in  the  barometer  stands  at 
30  inches,  weigh  3i'oit7  grains.  Regnault  found  that  i  litre  of 
air  at  32*  F.,  weighed  (barometer  29'922  inches)  I'zg^iSy  grammes. 
This,  if  reduced  to  the  English  standards,  would  make  the  weight 
of  too  cubic  inches  of  air  amount  to  30'9_54  grains.* 


*  According  to  Begiiuilt,the  specilk  f{n>vity  of  meioiirj  at  33°  ia  13396, 
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We  may  form  some  notion  of  the  actual  weight  of  the  air,  by 
calculating  the  quantity  contained  in  a  given  space.  Take,  for  ex- 
ample, a  room  30  feet  long,  28  feet  wide,  and  19  feet  high,  offering 
a  cubic  content  of  15960  cubic  feet;  since  100  cubic  inches  of  air 
weigh  31  grains,  13  cubic  feet  of  air  weigh  nearly  1  lb.  The  total 
weight  of  air  in  such  a  room  is,  therefore,  about  1220  lb.,  or  a  little 

more  than  half  a  ton. 

It  is  obvious  that  if,  in  the  experiment  with 
the  flask,  just  described,  the  graduated  jar  had 
contained  any  other  gas  instead  of  atmospheric 
air,  it  would  be  possible  to  ascertain  the  weight 
of  a  given  quantity  of  such  gas ;  and  by  com- 
paring this  weight  with  that  of  an  equal  bulk 
of  air,  to  ascertain  its  density  approximatively. 
(34)  Household  Pump. — The  pressure  of  the 
air  is  the  power  which  raises  water  in  the  bore 
of  an  ordinary  pimip.  The  construction  of  this 
very  useM  machine  will  be  at  once  understood 
from  the  description  of  the  air-pump  which  has 
been  already  given;  the  arrangement  of  the 
valves  being  similar.  On  depressing  the  piston- 
rod  (fig.  14),  air  escapes  through  the  upper 
valve.  A,  and  on  raising  it  again,  a  fresh  portion 
enters  trom.  the  pipe  attached  below  the  second 
valve,  B.  The  weight  of  the  atmosphere  upon 
the  surface  of  the  water  in  the  well  forces  up 
a  portion  of  this  liquid,  the  weight  of  which 
compensates  for  the  diminished  elasticity  of  the 
air  in  the  barrel,  tiU  on  again  depressing  and 
raising  the  piston  several  times  successively, 
the  whole  of  the  air  has  its  place  supplied  by  the 
water  which  is  thus  raised  from  the  well  below. 


water  at  39*3°  being  taken  as  i ;  conseanently  the  relative  weights  of  equal 
measures  of  air,  water,  and  mercury  will  be — 

Air  at  32°  F.        Water  at  39°  F.        Mercury  at  32°  F. 
I  •  773*3  '  10513-5 

under  a  barometric  pressure  of  29*922  English  inches  at  32°.  Calculating 
these  values  all  at  tne  English  standard  temperature  of  60°  F.,  and  at  the 
barometric  pressure  of  30  inches,  and  allowing  for  the  relative  expansion  of 
water  and  mercury  by  heat,  the  proportions  will  be  the  following — 


Air, 
I 


Water, 
816-8 


Mercury, 
1 1058 
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the  pressure  of  the  atmosphere  being  removed  from  the  surface  of 
that  part  of  the  water  contained  in  the  pipe  beneath  the  valves.  It 
is  manifest,  however,  that  there  must  be  a  limit  in  the  height  to 
which  water  can  be  raised  in  this  way.  As  soon  as  the  column  of 
water  in  the  pump  above  the  level  of  that  in  the  well  is  long  enough 
to  balance  the  weight  of  a  similar  column  of  air  extending  to  the 
upper  limits  of  the  atmosphere,  the  water  will  rise  no  higher.  Such 
a  column  of  water  is  about  33  feet  in  height.  If  a  tube  40  feet 
long  be  closed  at  its  upper  end,  filled  with  water,  and  then  placed 
mouth  downwards  in  a  vessel  of  water,  the  water  in  the  tube  will 
&11  till  it  stands  about  33  feet  above  the  level  of  that  in  the 
cistern.  Such  a  tube,  forming,  in  fact,  a  water  barometer,  was 
placed  by  the  late  Professor  Daniell  in  the  hall  of  the  Royal  Society. 
It  is  very  sensitive  to  changes  in  the  pressure  of  the  atmosphere, 
the  column  during  a  gale  of  wind  rising  and  falling' visibly  in  the 
tube. 

{35)  Pressure  Gauge,  and  Barometer. — If  the  tube  were  filled 
with  a  liquid  heavier  than  water,  a  proportionately  shorter  column 
of  it  would  be  sustained  by  the  pressure  of  the  air,  the  length  of 
the  column  being  inversely  proportioned  to  the  specific  gravity  of 
the  two  liquids.  Now  as  mercury  is  rather  more  than  1 3  times 
as  heavy  as  water,  this  fluid  metal  will  rise  to  a  height  only  about 
Vt  as  great  as  that  of  water,  or  to  a  height  of  about  30  inches 
instead  of  33  feet.  This  result  is  easily  verified ;  for  if  a  glass 
tube  about  three  feet  long,  and  closed  at  one  extremity,  be  com- 
pletely filled  with  mercury,  the  aperture  closed  with  the  finger, 
and  it  be  placed  mouth  downwards  in  a  basin  of  mercury, — on 
removing  the  finger,  the  column  of  fluid  metal  will  partially  de- 
scend^ and  leave  a  void  space  of  5  or  6  inches  in  length  in  the 
upper  part  of  the  tube.  But  the  most  complete  demonstration 
that  the  mercury  is  sustained  solely  by  the  pressure  of  the  air 
upon  that  in  the  basin,  is  furnished  by  placing  the  whole 
iqpparatus  under  the  receiver  connected  with  the  air-pump :  as  the 
air  is  exhausted,  and  consequently  the  pressure  is  diminished,  the 
column  sinks ;  but  it  recovers  its  former  level  on  re-admitting  the 
air  from  without.  A  tube,  or  air-gauge,  acting  on  this  principle, 
is  usually  attached  to  every  air-pump,  as  a  convenient  means  of 
judging  of  the  perfection  of  the  vacuum.  If  it  were  possible 
wholly  to  exhaust  the  air  fit)m  the  receiver,  the  mercury  would 
rise  in  such  a  gauge  (which  is  simply  a  tube  open  at  top  into  the 
receiver,  and  dipping  below  into  a  basin  of  mercury)  until  it  stood 
at  the  same  level  as  in  the  barometer  at  the  time  of  the  experi- 
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ment :  but  this  result  is  never  attained  in  prac- 
tice ;  the  elasticity  of  the  portiou  of  air  remain- 
ing in  the  receiver  always  depresses  the  metal  a 
few  hundredths  of  an  incli  in  the  gauge  below 
this  point.  By  means  of  the  gauge,  the  density 
of  the  air  still  remaining  in  the  receiver  is 
readily  ascertained,  for  the  density  is  always 
exactly  proportioned  to  the  pressure.  Suppose, 
then,  the  gauge  showed  a  residual  preaaure  of 
-T^  of  an  inch,  the  remaining  air  would  have 
only  T-J^  of  the  density  that  it  possesses  at  the 
commencement,  if  the  atmospheric  pressure 
shown  by  the  barometer  at  the  time  wer&  eqiud 
to  a  column  of  30  inches  in  height. 

Begnault  employs  a  g&uge,  at  the  side  of 
which  an  ordinary  mercurial  barometer  plunging 
into  the  same  cistern  is  placed  {fig.  15),  so  that 
the  difiercnce  in  height  between  the  twocolnmns 
of  mercury  may  be  read  off  with  great  accuracy 
by  means  of  a  graduated  scale  and  verniers,  r  v.* 
A  simple  pressure  gauge  or  manometer 
(from  navof,  rare)  for  estimating  the  rarity  or 
condensation  of  air  in  a  confined  space,  is  made 
by  bending  a  tube  into  the  form  shown  in  fig. 
16,  and  pouring  water  into  the  bend ;  the  ap- 
paratus is  attached  at  a  to  the  air  vessel,  Ijhe 
other  limb,  b,  being  open  to  the  atmosphere; 
by  the  difference  of  level,  the  elasticity  of  the 
gas  under  experiment  can  be  accurately  esti- 
mated by  a  scale  placed  between  the  tubes. 
Where  the  pressures  are  considerable,  mercury 
is  used  instead  of  water.  A  pressure  gauge  of 
this  simple  description  is  in  constant  requisi- 
tion in  coal-gas  works  for  estimating  the  pres- 
sure in  the  gasometer,  in  the  street  mains,  or 
at  any  part  of  the  services. 

A  simple  inverted  tube  when  filled  with 
mercury,  with  due  precautions  to  exclude  every 
particle  of  air,  and  furnished  with  accurate 
means  of  measuring  the  height  of  the  column 
above  the  level  of  the  mercury  in  the  cistern, 

*  The  difierenoe  in  height  may  be  still  more  aocuntety  read  off,  without 
Ae  caplojtnent  of  reroien,  by  using  sn  instrument  called  a  eatitiomtUr 
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constitntes  one  of  the  most  indiBpensable  phi- 
losophical iastruments  —  the  barometer  (from 
^po^,  a  weight,  and  /lirpov,  a  measure).  The 
diameta  of  the  tube  is  of  little  consequence ; 
but  a  tube,  i  or  ^  an  inch  wide,  or  wider,  is 
preferable  to  one  of  smaller  bore.  A  slight 
fixed  correction  for  capillarity,  varying  with  the 
diameter  of  the  tube,  is  required  for  each  in- 
strument, la  the  best  instruments  of  this 
descriptiou  the  whole  scale  is  moveable  by  a 
rack  and  pinion,  p  (fig.  17),  and  can  be  adjusted 
so  that  its  lower  extremity,  which  for  conve- 
nience of  observation  ia  made  to  terminate  in 
a  fine  steel  point,  e,  can  be  brought  exactly  to  ^ 
coincide  with  the  surface  of  the  mercury  in  the  |,  j 
cistern :  unless  this  contrivance  were  adopted, 
it  would  not  be  possible  accurately  to  measure 
the  height  of  the  column  of  metal,  because  the 
level  of  the  mercury  in  the  cistern  is  conti- 
nually undergoing  slight  variations;  as  the  metal 
rises  in  the  tube  it  fells  in  the  cistern,  and  vice 
vend :  part  of  the  cistem  is  constructed  of  glass, 
to  allow  the  point  of  the  scale  to  be  seen.  The 
height  of  the  mercurial  column  above  the  level 
of  the  mercury  in  the  cistern  when  the  instru- 
ment has  beeu  placed  in  a  truly  vertical  posi- 
tion, is  read  off  at  the  top  by  a  vernier,  v, 
which  estimates  differences  of  -p-}^  of  an  inch.  The  barometer 
has  been  constructed  in  a  great  variety  of  forms,  but  the  simple 
inverted  tube  is  the  best  for  ordinary  purposes. 

(36)  The  Syphon,  which  is  another  instrument  in  frequent  use 
in  the  laboratory,  depends  for  its  operation  partly  upon  the  prin- 
ciple of  atmospheric  pressure.  The  syphon  is  a  bent  tube,  by 
means  of  which  liquids  may  be  lifted  above  the  level  at  which  they 
stand,  provided  that  they  are  ultimately  transferred  to  a  lower 
level.  Suppose  that  it  be  desired  to  draw  off  a  liquid  without  dia- 
tarliing  a  powder  which  has  settled  down  to  the  bottom  of  a  vessel; 


[from  KoBrrot,  a  peipeadicular),  which  oODsUtB  of  a  telescope  of  short  focna. 
furnished  with  a  Bpirit-leTel,  by  which  ita  horizontality  ma;  b«  secured.  The 
telMcope  can  be  raised  or  lowered  apon  a  gradaated  acale,  which  ia  placed 


tralj  rertioal,  until  ita  c 


cide  with  the  lerel  of  the  i 


With  an  inatniment  apoD  thia  principle  properly  oonatraeted,  diBerenoes  in 
perpendirolar  height  in  the mercnrial  oolumna  maybedetermined  tritbmioute 
{redaioii.    It  u  &e  method  unifonaJy  adopted  by  Kegoaolt. 
x2 
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a  beet  tube  or  syphon  (b,  fig.  i8), 
one  limb  of  which  is  longer  than 
the  other,  is  filled  with  water,  and 
closed  by  placing  the  finger  at  the 
end  of  the  longer  limb ;  the  instru- 
ment IB  then  inverted,  and  the 
short  limb  is  plunged  rapidly  into 
the  liquid  to  be  decanted.  On  re- 
moving the  finger  &om  the  longer 
limb,  the  liquid  flows,  and  will  con- 
I  tinue  to  do  so  as  long  as  the  shorter 
lim  b  remains  below  the  surface  of  the 
liquid  in  the  veasel.  If  the  vessel  v, 
however,  be  raised  until  the  longer  limb  of  the  syphon  is  immersed 
in  the  liquid  that  has  run  over,  and  the  liquid  stands  at  the  same 
level  in  both  vessels,  no  further  flow  will  take  place-;  if  v  be  again 
depressed,  the  flow  through  the  syphon  will  again  be  renewed. 
When,  as  was  efiected  by  the  expedient  of  raising  the  lower  vessel 
till  the  liquid  stood  at  the  same  level  in  both,  the  acting  limbs  of 
the  syphon  arc  of  equal  length,  the  column  of  liquid  in  each  has 
the  same  perpendicular  height,  and  the  downward  pressure  of  each 
column  will  be  the  same :  neither  column  will  preponderate  over 
the  other :  but  if  the  vertical  column  of  liquid  be  longer  on  one  side 
than  on  the  other,  this  longer  column  will  necessarily  press  down- 
wards with  more  force  on  that  side  than  the  column  in  the  shorter 
limb  presses  in  the  opposite  direction ;  the  atmospheric  pressure, 
however,  is  equal  on  both  sides ;  the  heavier  column  therefore  runs 
out  of  the  tube,  drawing  with  it  the  liquid  in  the  shorter  limb,  and 
the  place  of  tliis  liquid  is  supplied  by  a  fresh  portion  from  the 
vessel,  owing  to  the  pressure  of  the  atmosphere  which  drives  it  up 
into  the  space  that  would  otherwise  become  empty. 

(37)  Downward  Pressure  of  the  Atmosphere. — From  what  has 
been  already  stated,  it  must  be  obvious  that  we  are  living  at  the 
bottom  of  a  vast  aerial  ocean,  and  subject  to  the  pressure  of  the 
superincumbent  masSj — a  pressure  which  amounts  to  about  15 
pounds  upon  every  square  inch  of  surface,  and  as  has  been  estimated, 
to  about  14  or  15  tons  upon  the  surface  of  the  body  of  a  man  of 
average  stature. 

The  existence  of  this  downward  pressure  of  the  air  is  a  matter 
of  the  highest  importance  to  ua.  It  admits  of  proof  by  experiment 
in  a  variety  of  ways.  The  receiver  of  the  air-pump  may  at  first 
be  lifted  Scorn  the  brass  plate  without  difficulty,  but  after  a  fetr 
simkes  of  the  pump  in  the  ordinary  process  of  exhausting,  it  be- 
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comes  fixed  by  the  pressure  of  the  superincumbent  air,  uncom- 
pensated by  that  within  the  vessel.  It  is  for  this  reason  that  an 
arched  form  is  given  to  the  external  surface  of  vessels  designed  tu 
bear  exhaustion.  If  the  hand  be  placed  over  the  mouth  of  a 
receiver  having  at  the  top  an  opening  of  2  or  3  inches  in  diameter, 
a  very  partial  removal  of  the  air  will  make  this  pressure  painfully 
sensible ;  and  if  a  piece  of  bladder  be  moistened  and  securely  tied 
over  the  opening  and  then  left  to  dry,  its  surface  will,  when  a  por- 
tion of  the  enclosed  air  is  removed,  become  very  tense  and  concave, 
and  if  the  exhaustion  be  carried  far  enough,  it  will  suddenly  burst 
with  a  loud  report. 

But  the  question  will  naturally  arise,  how  is  it,  that  if  our 
bodies  are  subjected  to  the  enormous  pressure  above  indicated,  we 
are  not  only  able  to  support  it  without  being  crushed  or  rooted  to 
the  earth,  but  are  even  insensible  of  its  existence.  The  reason  is, 
that  the  pressure  is  equal  in  all  directions.  The  air  upon  the 
earth's  surface  being  compressed  by  that  above  it,  acquires  an 
elasticity  sufficient  exactly  to  counterpoise  that  pressure,  and  it 
presses  laterally  and  upwards,  with  a  force  exactly  equal  to  that 
with  which  it  is  compressed.  A  very  simple  experiment  will  suffice 
to  demonstrate  the  upward  pressure.  Take  a  glass  jar  with  a 
smooth  edge  (a  common  wine-glass  will  do),  fill  it  with  water,  close 
the  mouth  with  a  card  or  with  a  bit  of  paper,  retain  the  card  in 
its  place  with  the  hand,  and  turn  the  jar  mouth  downwards ;  the 
hand  may  be  removed,  the  card  will  remain  supported,  and  the 
water  will  not  escape.  Indeed,  we  might  thus  support  a  column 
of  water  33  feet  long  (but  not  longer),  as  that  would  just  balance 
the  pressure  of  a  column  of  air  of  equal  diameter.  It  is  this 
upward  pressure^  exerted  by  the  portion  of  the  air  that  is  dissolved 
in  our  blood,  and  that  pervades  every  tissue  of  our  frame,  which 
renders  us  unconscious  of  the  atmospheric  pressure.  If  the  pres- 
sure upon  the  surface  of  the  body  be  decreased,  as  by  ascending 
a  lofty  mountain,  great  inconvenience  is  often  experienced ;  bleed- 
ing at  the  nose,  and  other  unpleasant  symptoms  sometimes  arising, 
from  the  expansion  of  the  air  within  the  body  when  the  external 
pressure  is  removed.  Blood  flows  in  the  operatidli  of  cupping, 
because  the  atmospheric  pressure  is  partially  removed  over  the 
wounds  inflicted  by  the  lancets. 

(38)  Pneumatic  Trough, — Among  the  many  useful  contrivances 
depending  on  the  pressure  of  the  air,  is  a  simple  but  invaluable 
apparatus  of  Priestley's,  called  the  pneumatic  trough,  which  enables 
us  to  confine  air  and  gases  in  vessels,  and  to  decant  them  from 
one  to  another  with  aa  much  ease  as  liquids  may  be  maxoi^ge^ 
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and  poured.  The 
pneumatic  trough 
consists  of  a  vessel 
containing  Trater, 
fig.  J9,  acTOSswhich, 
at  the  depth  of  a  or 
3  inches  &om  the 
top,  a  ledge  or  shelf 
is  placed;  the  jars 
destined  to  receive 
the  gaa  are  filled 
with  water,  and 
placed  with  their 
mouths  downwards 
upon  the  shelf, 
which  is  kept  about 
an  inch  under 
water :  into  these  jars  the  gas  ia  allowed  to  bubble  up,  and  it  may 
be  transferred  from  one  jar  to  another  by  an  inverted  pouring. 
When  a  jar  has  been  filled,  or  partially  filled  with  gas,  it  may  he 
readily  removed  from  place  to  place  by  shding  under  its  open  mouth, 
while  still  immersed  in  water,  a  plate  or  shallow  tray,  containing 
water,  on  which  it  may  be  lifted  out  of  the  pneumatic  trough  as  ata. 
(39)  TSe  Gas-holder.— 
''■  "*"  When  large  quantities  of  gas 

are  to  he  stored  up,  a  diffe- 
rent    apparatus,    the     gat- 
holder,  is  employed,  and  in 
this  instrument  also,  advau- 
tagc  is  taken  of  the  down- 
ward pressure  of  the  atmo- 
,  sphere.     The   gas-holder   ia 
represented  in  fig.  30.     It 
I  consists  of  a  cylinder,  b,  sur- 
mounted  by  a  tray,  A,   for 
holding    water ;    tiiis     tray 
communicates  with  the  cy- 
linder by  means  of  two  pipes 
provided     with    stop-cocks ; 
one  of  these  pipes,  /,  pro- 
ceeds nearly  to  the  bottom  of  the  cylinder,  b,  and  is  open  at  both 
extremities ;  the  other  pipe,  e,  only  just  enters  the  top  of  the  lower 
cavity :  at  the  lower  part  of  the  cyhnder  is  a  short,  wide  pipe,  c. 
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passing  obliquely  apwards,  and  fdrnished  with  a  plug,  by  which 
it  can  be  closed  at  pleasure.  A  third  stop-cock  ia  introduced  at 
the  uppei  }>art  of  the  cylinder  at  g,  to  which  a  flexible  tube  may 
be  attached  for  the  convenience  of  transferring  the  gaa.  Now 
suppose  the  gaa-holder  to  be  full  of  atmospheric  air  and  to  be 
wanted  for  use ;  the  pipe  c  at  the  bottom  is  closed,  water  is  poured 
into  the  tray,  and  both  stop-cocks  in  the  vertical  pipes  are  opened: 
the  water  descends  through  the  longer  pipe,  /,  whilst  the  air  escapes 
in  bubbles  through  the  shorter  one  e ;  when  b  is  completely  full, 
the  stop-cocks  are  closed,  und  the  plug  at  the  bottom  removed ;  no 
water  escapes,  owing  to  the  pressure  of  the  atmosphere  upon  the 
surface  of  the  liquid  in  the  wide  tube  c,  the  water  being  retained 
just  as  in  the  ordinary  bird- fountain.  The  neck  of  the  retort  B, 
at  other  vexsel  ibr  producing  the  gas,  is  introduced  completely 
within  the  cylinder,  and  the  water  is  displaced  by  the  gaa  which 
rifles  and  at^umulates  in  the  appec  part,  whilst  the  water  runs  off 
into  a  vessel  placed  below.  The  progress  of  the  experiment  may 
be  watched  by  means  of  the  glass  tube,  d,  which  is  open  both  at 
lop  and  bottom  into  the  cylinder,  a ;  the  level  of  the  water  within 
the  instrument  is  thus  always  exhibited.  In  order  to  use  the  gaa 
stored  up,  the  plug  is  replaced  at  c,  and  the  stop-cock  in  the  long 
jupe  opened  to  allow  the  column  of  water  to  exert  its  pressure  on 
the  gaa,  which  escapes  on  cautiously  turning  the  stop-cock  e,  and 
may  either  be  received  in  a  jar  placed  in  the  tray  over  the  short 
tnb^  e,  or  it  may  be  conveyed  away  through  a  flexible  tube 
attached  to  the  stop-cock  g. 

{40)  Water  dissolves  all  gases ;  ^•<^-  '^■ 

some  in  small  quantities,  and  others 
with  very  great  avidity ;  the  latter 
of  course  cannot  be  collected  over 
water.  Indeed,  in  all  cases  where 
great  accuracy  is  requisite,  some 
other  liquid  must  be  substituted  in 
the  trough  and  jars  for  water, 
ilercury  is  the  fluid  which  oSers 
fewest  inconveniences,  and  it  is 
Qsually  employed  for  this  purpose  in  a  trough,  the  form  of  which 
is  seen  in  fig.  2i. 

(41)  Correction  of  Gases  for  Pressure.— The  foregoing  mode 
of  collecting  gases  over  mercury  leads  us  to  consider  a  correction 
of  great  importance  in  cases  where  an  accurate  measurement  of 
the  bulk  of  s  gaa  is  requisite.  In  all  cases  a  portion  of  air  or  gas 
which  communicates  with  the  atmosphere  either  through  the  walla 
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of  a  flexible  bag  or  bladder,  or  that  is  confined  over  water  or 
mercury,  is  subject  to  the  pressure  of  the  atmosphere,  transmitted 
to  it  either  through  the  flexible  material,  or  through  the  interposed 
portion  of  liquid.  If,  in  the  pneumatic  trough,  the  liquid  within 
and  without  the  jar  stand  at  the  same  level,  the  pressure  upon  the 
included  gas  will  be  exactly  that  due  to  the  atmosphere  at  the 
time ;  if,  however,  the  liquid  within  stand  higher  than  that  in  the 
bath,  the  gas  will  be  subjected  to  a  pressure  less  than  that  of  the 
atmosphere  at  the  time,  by  the  amount  necessary  to  support  the 
colimin  of  liquid  above  the  outer  level  of  that  in  the  bath. 

Observation  has  shown  that  the  pressure  of  the  atmosphere  at 
the  same  spot  is  liable,  fix)m  different  causes,  to  continual  variation. 
The  average  pressure  at  the  sea-level  is  equivalent  to  that  of  a 
column  of  mercury  30  inches  in  height ;  but  in  this  climate  it 
is  sometimes  so  much  diminished  as  to  support  a  colimin  of  only 
about  28  inches;  at  other  times  the  pressure  will  be  equivalent 
to  nearly  31  inches  of  mercury.  Now  the  same  quantity  of  gas 
will,  under  these  different  circumstances,  sometimes  occupy  a 
bulk  considerably  greater,  at  others  considerably  less,  than  the 
average. 

It  is  necessary,  therefore,  in  all  experiments  upon  the  weight 
or  bulk  of  gases,  to  observe  the  height  of  the  barometric  column, 
as  this  gives  the  pressure  to  which  the  gas  is  at  the  same  time 
subjected.  This,  however,  is  true  only  when  the  liquid  in  the  bath, 
and  that  in  the  jar,  are  on  the  same  level.  In  practice  it  is  rarely 
possible  to  make  them  rigidly  so.  The  liquid  generally  stands 
highest  in  the  jar.  Supposing  the  gas  to  have  been  collected  over 
mercury,  in  order  to  allow  for  the  dilatation  occasioned  by  this 
inequality  of  level,  the  difference  of  the  two  levels  must  be  accu- 
rately measured,  and  the  measurement  so  obtained  must  be  sub- 
tracted fix)m  the  height  of  the  mercurial  colimin  in  the  barometer 
at  the  time.  A  similar  correction  is  required  if  the  gas  be  standing 
over  water,  but  it  is  smaller  in  amoimt,  a  column  of  water  of  13*6 
inches  in  height  being  equivalent  to  1  inch  of  mercury.  When 
the  necessary  measurements  have  been  made,  a  simple  calculation 
shows  the  bulk  that  any  gas  would  have  occupied,  supposing  it  to 
have  been  measured  under  the  pressure  of  30  inches  of  the  baro* 
meter,  which  in  this  country  is  taken  as  the  standard.* 

*  In  other  countries  the  standard  pressure  to  which  gases  are  corrected  is 
generally  that  which  has  been  proposed  by  the  French ;  viz,  that  of  a  column 
of  mercury  760  millimetres  (or  29*923  English  inches)  in  height :  consequently 
100  cubic  inches,  measured  under  the  English  standard  oressure  of  30  inches, 
would,  under  the  French  standard,  fill  a  space  of  100*201  cubic  inches. 

Stnctlj  speaking,  however,  the  observations  should  be  reduced  to  the 
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Suppose  that  having  measured  lo  cubic  inches  of  oxygen 
standing  over  mercury,  the  level  of  the  metal  in  the  jay  being 
1*5  inches  higher  than  that  in  the  bath,  the  barometer  at  the  time 
standing  at  2975,  it  is  desired  to  ascertain  what  bulk  the  gas  would 
occupy  under  a  pressure  of  30  inches.  By  Marriotte's  law  (36) 
the  bulk  of  a  gas  is  inversely  as  the  pressure  to  which  it  is  sub- 
jected.     Therefore — 

Sumdard  preMore.  Observed  pressure.    Observed  vol.      True  vol. 

.  (  ^8-^5  or     7      ..     ,0     .      W=9-4i 

'         c  2975-1*5  )    "  '    l^^^'  ^') 

In  estimating  the  weight  from  the  bulk  of  a  gas,  it  is  necessary 
to  make  a  fiirther  correction  for  the  temperature  (138),  as  well 
as  for  the  state  of  moisture  or  dryness  which  it  may  possess  at  the 
time. 

(42)  Density  of  the  Atmosphere  at  Different  Heights. — A 
remarkable  consequence  of  the  law  of  elasticity  in  gases  is  exhi- 
bited in  the  increasing  rare&ction  of  the  atmosphere  in  ascending 
from  the  surface  of  the  earth.  The  air  is  subject  to  a  pressure 
which  gradually  decreases  with  the  progressive  elevation  above  the 
sea-level.  This  will  be  evident  if  we  consider  the  atmosphere  to 
be  composed  of  a  series  of  layers  or  strata :  the  lowest  layer  sup- 
ports the  pressure  of  the  entire  super-incumbent  mass ;  the  one 
next  above  this  supports  the  pressure  of  all  but  the  lowest ;  the 
third  that  of  all  but  the  two  lower  ones^  and  so  in  succession.  In 
consequence  of  JVlarriotte^s  law — viz.,  that  the  bulk  of  elastic 
fluids  is  inversely  as  the  pressure,  it  is  found  that  if  the  air  be 
examined  at  a  series  of  heights,  increasing  according  to  the  terms 
of  an  arithmetical  progression,  the  density  of  the  air  decreases 
according  to  the  terms  of  a  geometrical  progression.  In  the 
following  table  the  heights  above  the  surface  are  taken  in  arith- 
metical progression,  increasing  regularly  by  distances  of  3*4  miles ; 
the  bulk  of  equal  weights  of  air  at  these  successive  heights 
increases  in  geometrical  progression,  the  volume  being  doubled 
for  each  step  in  the  ascent ;  while  the  density,  and  the  corre- 
sponding height  of  the  barometer,  decrease  in  the  same  geometric 
ratio,  being  at  each  successive  elevation  exactly  half  what  they 
were  at  the  preceding  one : — 


pressure  of  a  column  of  mercury  29*922  inches  in  height  at  32°  F.  Such  a 
cuittom,  owing  to  the  expansion  of  mercury  by  heat,  would  be  increased  y^ 
of  its  length,  at  the  mean  temperature  of  60^  F.,  and  consequently  would 
then  measure  30*005  inches:  and  under  this  pressure  100  cubic  inches,  measured 
at  a  barometric  pressure  of  30  inches,  would  be  reduced  to  99*08  cubic  inches, 
a  difierenoe  so  triBin^,  thst  it  may  almoBt  alvrays  be  negleoied. 
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The  annexed  diagram  (fig.  22), 
slightly  altered  from  one  in  Tomlin- 
son's  Treatise  on  Pneumatics,  is  sup- 
posed to  represent  a  vertical  section 
of  the  atmosphere;  the  left  hand 
column  shows  the  height  in  miles 
above  or  below  the  aea-lcvel ;  the 
right-hand  column  the  corresponding 
heights  of  the  barometer  in  inches; 
A  indicates  the  altitude  of  the  highest 
peaks  of  the  Himalaya ;  b  the  al- 
titude of  23,018  leet,  the  height 
attained  in  a  balloon  by  Oay-Lus- 
sae  (17  Sept.,  1&04);  c  Dalkeith 
mine,  Cornwall,  1440  feet;  n  the 
deepest  sea  sounding  yet  obtained, 
iIhA  77°'^  fathoms,  or  8|  miles,  (Capt. 
Denham)  H.M.  Ship  Herald, Oct. 20, 
1853,  lat.  36°  49'  S.,  Ion.  37"  6'  W.* 

It  is  obvious  that  a  knowledge 
of  the  law  of  the  decrease  of  density 
in  the  atmosphere  furnishes  the 
means  of  ascertaining  the  height  of 
mountains  by  the  employment  of 
the  barometer. 

Young  has  calculated  that  if  the 
air  continued  to  diminish  indefinitely 
in  density,  according  to  Marriotte's 
law,  1  cubic  inch  of  air  of  the  mean 
density  of  that  at  the  sur&ce  of  the 
earth  would,  at  a  distance  of  4000 
miles  from  the  earth's  surface  (or  at 
a  distance  equal  to  the  earth's  ra- 
dius), fill  a  sphere  the  diameter  of 


*  This  Terj  deep  Bounding,  hoireTer,  according  to  inltteqaeiit  careful  ob- 
»erratioat  bjr  American  uBTJgaton,  appean  to  be  greatly  id  exoeu  of  tk« 
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which  is  equal  to  that  of  the  orbit  of  Saturn ;  and^  on  the  other 
hand^  if  a  mine  could  be  dug  46  miles  deep  into  the  earthy  the 
air  at  the  bottom  would  be  as  dense  as  quicksilYer. 

The  observations  of  astronomers  upon  the  amount  of  refraction 
experienced  by  the  light  of  the  heavenly  bodies  in  traversing  the 
atmosphere^  however,  have  rendered  it  probable  that  there  is  a 
limit  to  the  upper  sur&ce  of  our  atmosphere,  as  definite  as  that  of 
the  waters  of  the  ocean,  the  repulsive  force  of  the  particles  being 
at  length  exactly  balanced  by  their  gravitation  towards  the  earth. 

§  II.  Cohesion. 

(43)  In  the  case  of  gases  the  predominance  of  elasticity  is  the 
leading  characteristic ;  in  the  case  of  solids  the  opposite  power  of 
cohesion  is  that  which  first  demands  attention.  Cohesion  is  the 
force  which  binds  together  the  same  kind  of  particles  into  one  mass. 
It  is  this  force  which  retains  a  bar  of  iron,  a  block  of  wood,  or  a 
lump  of  ice,  in  a  single  piece. 

It  is  obvious  that  the  cohesion  of  difiercnt  bodies  varies  greatly. 
Cohesion^  however,  appears  to  be  uniform  between  particles  of  the 
same  kind  placed  under  circumstances  similar  as  to  temperature 
and  structure.  Owing  to  the  diflSculty  of  securing  uniformity  in 
texture  and  freedom  firom  flaws,  even  in  the  most  compact  sub- 
stances, such  as  the  metals,  it  is  difficult  to  estimate  the  coefficient 
of  cohesion  in  any  material  with  precision ;  although  the  general 
fiu;t  that  iron  is  much  tougher  than  copper,  and  copper  than  lead, 
is  at  once  recognised.  Two  methods  have  been  generally  used  to 
determine  the  cohesive  power  of  solids ;  the  first  consists  in  esti- 
mating the  weight  required  to  stretch  rods  of  a  given  diameter  of 
the  substance  under  examination,  imtil  they  give  way ;  the  second, 
in  finding  the  amount  of  force  required  to  crush  a  cube  of  the  sub- 
stance  of  given  dimensions. 

The  strength  of  materials,  all-important  as  it  is  to  the  engineer 
and  to  the  architect,  has  little  to  do  with  chemistry,  although  varia- 
tions in  cohesion  and  aggregation  of  the  same  substance  exercise 
a  marked  influence  on  the  rapidity  of  many  chemical  actions. 
Gunpowder,  for  example,  is  reduced  to  grains  in  order  that  each 
portion  may  ignite  quickly,  and  contribute  its  expansive  force  to 


trath :  the  line  was  probably  dragged  by  strong  currents  so  as  to  have  deoeiTed 
tbe  obMfTver.  The  deepest  soundings  which  appear  to  be  worthy  of  confidence 
were  obtained  to  the  soothward  of  the  great  banks  of  liewfoundland,  and  do 
lot  exceed  4}  aulet,  or  About  2^000  feet. 
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act  upon  the  bullet ;  but  the  very  same  material,  before  it  has  been 
granulated  and  whilst  in  the  form  of  hard  compact  masses,  as  it 
comes  fix)m  the  press,  bums  comparatively  slowly,  like  a  fusee  or 
a  portfire. 

(44)  Reunion  of  Divided  Solids  by  Cohesion. — ^Particles  of  a 
similar  nature  will,  under  the  influence  of  cohesion,  reunite,  after 
complete  separation,  if  brought  sufficiently  near  to  each  other* 
This  is  shown  on  pressing  together  two  clean,  smooth,  and  freshly- 
cut  surfaces  of  lead ;  they  will  cohere,  and  a  force  of  some  pounds 
will  be  required  to  separate  them.  In  the  same  way,  too,  perfectly 
polished  plates  of  glass  cohere,  sometimes  so  completely  that  they 
may  be  cut  and  worked  as  a  single  piece.  This  has  not  unfre- 
quently  happened  in  plate-glass  manufactories. 

According  to  the  proportion  that  cohesion  bears  to  other  forces 
which,  like  heat  and  elasticity,  tend  to  separate  the  particles  of 
matter  from  each  other,  the  body  assimies  the  solid,  the  liquid,  or 
the  aeriform  state.  Considerable  diflTerences  in  physical  properties 
are  produced  both  in  solids  and  in  liquids  by  variations  in  the 
degree  of  cohesion  existing  among  their  particles. 

(45)  Cohesion  of  Solids. — In  solids,  these  variations  give  rise  to 
differences  in  hardness,  elasticity,  brittleness,  malleability,  and 
ductility. 

The  hardness  of  a  body  is  measured  by  its  power  of  scratching 
other  substances,  and  it  consists  in  the  degree  of  resistance  which 
the  particles  offer  to  the  slightest  change  of  relative  position.  To 
the  mineralogist,  the  variations  in  the  degree  of  hardness  presented 
by  different  crystallized  bodies,  often  ftimish  a  valuable  physical 
sign  by  which  one  mineral  may  be  discriminated  from  others  which 
resemble  it.  For  the  purpose  of  fiax^ilitating  such  comparisons, 
Mohs  selected  ten  well-known  minerals,  which  are  enumerated  in 
the  following  table,  each  succeeding  one  being  harder  than  the 
one  which  precedes  it ;  thus  arranged,  they  constitute  what  he  terms 
a  Scale  of  Hardness,  which  has  been  generally  adopted.  In  the 
examples  selected,  each  mineral  is  scratched  by  the  one  that  follows 
it,  and  the  hardness  of  any  mineral  may  be  determined  by  refe- 
rence to  the  tjrpes  thus  chosen.  Suppose,  for  example,  a  body 
neither  to  scratch,  nor  to  be  scratched  by  fluor  spar — ^its  hardness 
is  said  to  be  4 :  if  it  should  scratch  fluor  spar,  but  not  apatite,  its 
hardness  is  between  4  and  5 ;  the  degrees  of  hardness  being  num- 
bered from  I  to  10.  The  figures  on  the  right  indicate  the  number 
of  minerals  known  of  the  same,  or  approximatively  the  same 
degree  of  hardness^  as  the  substance  opposite  to  which  they 
fftand: — 
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Scale  of  Hardness  of  Minerals. 

1  Talc 33  I  6  Felspar  (any  clearable  varietj)  26 

2  Compact  gypsum,  or  rock  salt    90  1     7  Limpid  quartz 26 

3  Calc  spar  (any  cleavabie  variety)  71  '     8  Topaz 5 

4  Fluor  spar 53  '  9  Sapphire,  or  corundum  .    .    .     i 

5  Apatite  (crystallized)     .    .     .    43  I  10  Diamond i 

The  cause  of  the  varieties  of  hardness  observed  in  different 
bodies  is  not  well  understood.  Even  in  the  same  substance^  trifling 
variations  in  the  external  circumstances  to  which  the  body  is  sub- 
jected often  produce  extraordinary  differences  in  the  degree  of  hard- 
ness which  it  exhibits.  A  piece  of  steel  cooled  slowly  from  a  red 
heat  is  comparatively  soft ;  it  may  be  cut  with  a  file ;  and  under 
strong  pressure^  it  will  even  take  impressions  from  a  die ;  whilst 
the  same  piece  of  steel,  if  heated  to  redness,  and  suddenly  cooled, 
becomes  as  brittle  as  glass,  and  nearly  as  hard  as  the  diamond. 

Britileness  is  exhibited  by  bodies  the  particles  of  which  resist 
displacement  with  regard  to  each  other,  except  within  extremely 
narrow  limits.  It  is  generally  observed  in  hard  and  elastic  sub- 
stances. 

Malleability  and  ductility,  or  the  property  of  extending  under 
tfie  hammer,  and  of  fitness  for  drawing  into  wire,  are  the  very 
opposite  of  brittleness,  the  molecules  of  the  solid  admitting  of  very 
considerable  relative  displacement  without  losing  their  cohesion. 
These  modifications  of  cohesion  are  exhibited  only  by  the  metals, 
and  by  a  few  only  of  them. 

(46)  Cohesion  of  Liquids. — In  liquids,  notwithstanding  the 
fiunlity  with  which  their  particles  slide  one  over  the  other,  and  the 
unlimited  freedom  of  motion  of  each  molecule  within  the  mass  of 
hquid,  a  very  appreciable  amount  of  cohesion  still  exists,  and  is 
displayed  in  the  rounded  form  assumed  by  every  detached  drop. 
This  same  form  of  cohesion  is  also  beautifully  shown  in  the  case  of 
two  liquids  which  do  not  dissolve  each  other,  but  which  have  precisely 
the  same  specific  gravity,  as  is  the  case  with  oil  and  spirit  of  wine 
of  a  certain  degree  of  dilution :  if  a  little  oil  be  poured  into  such 
diluted  spirit,  it  remains  suspended  within  it  in  the  form  of  a  per- 
fectly spherical  mass.  In  the  drops  of  dew  which  fringe  every  leaf 
in  a  fine  summer  morning,  we  have  an  admirable  natural  illustration 
of  this  fact.  A  striking  exemplification  of  cohesion  in  the  particles 
of  liquids  is  also  afforded  by  blowing  a  large  soap-bubble  upon  the 
end  of  a  glass  tube :  upon  presenting  the  open  end  of  the  tube  to 
a  lighted  taper,  whilst  the  bubble  is  still  attached  at  the  other  end, 
the  contraction  of  the  film  expels  the  air  with  sufficient  force  to 
extinguish  the  taper. 

The  researches  of  Donny  {Ann.  de  Chim.,  III.  xvi.  167)  have 
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Fio.  33.  added  many  eurious 

facts  to  our  know- 
ledge of  the  cohe- 
sion of  liquids.  The 
following  form  of 
one  of  his  experi- 
ments may  be  cited 
as  an  illustration : — 
A  tube,  A,  fig.  23, 
about  36  in.  long 
and  I  inch  in  diameter^  is  bent  at  its  middle  to  an  angle  of  about 
60^ ;  it  is  sealed  at  one  end,  and  filled  with  distilled  water,  which^ 
when  the  tube  is  closed,  is  to  occupy  about  two-thirds  of  its  capa- 
city ;  the  water  is  thoroughly  boiled  for  an  hour,  and  the  tube  is 
then  hermetically  closed  whilst  boiling.  In  this  condition  the 
tube  contains  only  water  and  the  vapour  of  water.  After  it  has 
been  carefully  reversed,  as  at  a,  it  may  be  brought  into  the  posi- 
tion represented  at  b,  and  the  water  will  nevertheless  be  supported 
above  the  level  of  the  liquid  in  the  other  limb  by  adhesion  to  the 
surface  of  the  glass,  and  by  the  cohesion  among  its  own  particles. 
If  now  the  tube  be  inclined  in  such  a  maimer  that  a  minute 
bubble  of  aqueous  vapour  is  made  to  pass  up  into  the  ftdl  limb^ 
the  column  of  water,  having  its  continuity  broken  at  one  pointy 
immediately  falls,  and  the  level  of  the  liquid  in  both  limbs  becomes 
the  same. 

Even  amongst  liquids,  considerable  diiSerences  are  observed  in 
the  degree  in  which  the  cohesive  fi)rce  is  exhibited.  Limpid  liquids 
are  those  which,  like  ether  or  spirit  of  wine,  display  great  mobility 
of  their  particles ;  bubbles  produced  in  such  liquids  by  agitation, 
rise  quickly  to  the  surface,  break  and  disappear.  In  oil,  syrup, 
and  gum- water,  the  particles  move  sluggishly;  such  liquids  are 
termed  viscous.  The  viscosity  of  liquids  presents  a  certain  analogy 
with  the  malleability  of  solids.  In  a  few  instances,  whilst  the 
solid  is  melting  under  the  influence  of  heat,  a  viscous  state  is 
observed  intermediate  between  the  hardness  of  solids  and  the  per- 
fect mobility  of  liquids.  Melted  sugar,  or  barley-sugar,  is  a  case 
in  point.  The  occurrence  of  viscosity,  as  an  intermediate  state,  is 
rare,  except  in  the  case  of  a  mixture  of  two  substances,  one  of 
which  melts  at  a  temperature  a  little  higher  than  the  other.  Glass, 
which  is  a  mixture  of  several  silicates  of  different  degrees  of  fusi- 
bility, offers  a  striking  example  of  this  kind ;  indeed  to  this  con- 
dition it  owes  the  plastic  properties  by  which  it  is  rendered  capable 
of  adaptation  to  the  multifarious  purposes  to  which  it  is  now 
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applied.  A  true  chemical  compound  passes  at  once  from  the  solid 
to  the  liquid  form^  as  when  ice^  for  example^  hy  fusion^  becomes 
water.  A  few  of  the  simple  bodies,  however,  present  some  remark- 
able cases  of  the  occurrence  of  viscosity  preceding  frision ;  such, 
for  instance,  as  phosphorus,  and  those  metals  which,  like  iron  and 
potassium,  admit  of  being  '  welded,'  a  process  in  which  two  pieces 
of  the  metal  are  united  into  one  mass  by  hammering  or  pressing 
them  tc^ether  whilst  they  are  in  the  soft  condition  which  is  ob- 
served before  fusion. 

(47)  Influence  of  Heat  on  Cohesion, — All  analogy  leads  to  the 
conclusion  that  cohesion  would  be  entirely  destroyed  in  every  ele- 
mentary body  by  a  sufficient  elevation  of  its  temperature ;  though 
there  are  some  bodies  which  have  not  as  yet  been  liquefied,  and 
many  which  have  not  been  converted  into  vapour.  The  three 
conditions  in  which  the  same  chemical  compound  may  exist,  exem- 
plified by  ice,  water,  and  steam,  according  to  the  degree  of  heat  to 
which  it  is  exposed,  are  shown  by  a  vast  number  of  other  bodies. 
Gold  itself  has  been  first  melted  and  then  volatilized  by  the  intense 
heat  of  the  sun's  rays  concentrated  by  a  burning  lens.  On  the 
other  hand,  by  a  sufficient  reduction  of  temperature,  united  with 
a  certain  degree  of  pressure,  a  number  of  gases  have  been  reduced, 
first  to  the  liquid,  and  several  even  to  the  solid  condition.  The  force 
of  cohesion,  like  that  of  heat,  is  therefore  universal.  If  the  repul- 
sion exerted  by  heat  could  be  carried  sufficiently  far,  there  is 
reason  to  believe,  that  every  known  substance,  not  actually  decom- 
posable by  heat,  might  appear  as  a  gas ;  and,  by  a  reduction  of 
temperature  sufficient  to  allow  cohesion  to  exert  its  sway,  every 
known  gaseous  substance  would  probably  exist  in  the  solid  state. 

In  gases,  cohesion  appears  to  be  entirely  overcome,  and  it  does 
not  exert  itself  sensibly,  except  in  cases  where  the  gas  is  approach- 
ing the  point  at  which,  by  pressure,  or  cold,  it  assimies  the  liquid 
form  {Note,  §  37  and  197). 

§  III.  Adhesion — diffusion  of  liquids  and  gases. 

(48)  Adhesion. — Analogous  to  cohesion,  or  the  power  which 
holds  similar  particles  together,  is  that  of  adhesion,  which  is  exerted 
between  the  particles  of  dissimilar  kinds  of  matter.  It  not  un- 
frequently  rises  high  enough  to  destroy  cohesion,  as  when  sugar  or 
salt  becomes  dissolved  in  water.  A  rod  of  glass  or  of  wood  dipped 
into  water  or  oil  comes  out  wetted  under  the  influence  of  this  force. 
It  is  exerted  between  diflTerent  bodies  with  very  diflerent  degrees  of 
intensity^  as  may  be  illustrated  by  the  following  experiment : — 
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Take  two  glass  dishes^  sift  over  the  bottom  of  one  a  layer  of  lyco- 
podium  or  of  finely  powdered  resin,  and  over  the  other  a  layer  of 
powdered  glass :  if  a  little  water  be  sprinkled  upon  each,  the  drops 
of  water  in  the  dish  of  resin  will  be  covered  by  a  thin  film  of  the 
powder,  and  when  the  dish  is  inclined  will  roll  about  like  shot,  the 
cohesion  of  the  particles  of  the  liquid  predominating  over  their 
adhesion  to  those  of  the  solid :  whilst  on  the  powdered  glass,  fix)m 
the  superior  adhesion  of  glass  to  water,  the  drops  sink  in  and  are 
absorbed. 

If  the  solid  becomes  wetted,  a  certain  preponderance  of  the  force 
of  adhesion  over  the  cohesion  of  the  particles  is  obviously  necessary ; 
for  if  the  cohesive  exceeds  the  adhesive  power,  as  when  glass  or 
iron  is  plunged  into  mercury,  the  solid  is  not  wetted.  Extraneous 
circumstances,  however,  greatly  modify  the  exertion  of  this  force. 
If  a  film  of  air,  of  oil,  or  of  any  foreign  matter,  be  diflRised  over 
the  surface  of  the  solid,  it  is  no  longer  the  surface  of  the  solid 
and  the  liquid  which  are  concerned,  but  the  liquid  and  the  surface 
of  air  or  of  oil  with  which  the  solid  is  covered.  A  clean  glass  is 
immediately  wetted  with  water,  but  if  the  slightest  film  of  grease 
exist  upon  its  surface,  the  water  runs  ofi*  almost  entirely. 

Adhesion  gives  rise  to  a  variety  of  important  phenomena ;  it 
is  mainly  concerned  in  the  production  of  capillary  action,  of  solu- 
tion, and  of  the  division  of  liquids ;  it  is  also  exerted  in  osmosis, 
and  less  directly  in  the  process  of  the  intermixture  and  diffusion 
of  gases.  In  this  chapter  some  remarks  will  therefore  be  made 
upon  each  of  these  subjects  in  succession.  Adhesion  is  the  more 
especially  worthy  of  attentive  study  by  the  chemist,  because  in  its 
manifestations  it  is  more  nearly  allied  than  any  other  force  to 
chemical  attraction. 

Adhesion  is  exerted  between  bodies  of  all  kinds,  and  when  it 
occurs  between  solids,  it  is  the  principal  cause  of  that  resistance 
to  motion  which  is  termed  friction.  As  a  general  rule,  friction  is 
greater  between  similar  kinds  of  matter,  less  between  those  w  hich 
differ  in  nature.  An  iron  axle  moving  in  an  iron  socket  expe- 
riences under  similar  circumstances  a  greater  amoimt  of  friction 
than  if  revolving  in  a  brass  socket ;  and  the  interposition  of  a  sub- 
stance like  plumbago  or  grease,  the  particles  of  which  have  but 
very  little  cohesion,  is  a  familiar  mode  of  reducing  the  amount  of 
friction  in  machinery. 

Few  substances  admit  of  a  greater  variety  of  useful  applications 
from  their  faculty  of  adhesion  than  caoutchouc ;  its  perfect  adhe- 
sion to  glass  adapts  it  admirably  for  stoppers,  and  enables  the 
chemist  to  employ  it  for  air-tight  and  flexible  joints.     This  pro- 
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perty  of  adhesion  to  the  bodies  which  it  touches^  further  fits  it  for 
bands  for  driving  machinery^  and  for  numberless  other  purposes. 

{49)  Cements, — The  entire  value  of  cements  depends  upon  the 
operation  of  the  force  of  adhesion ;  and  in  the  variety  of  cements 
Tendered  necessary  by  the  variety  of  materials  to  be  united,  we 
have  additional  proof  that  adhesion  is  exerted  between  different 
kinds  of  matter  with  very  varying  degrees  of  force.  Glue  or  gum 
may  be  used  for  joining  pieces  of  pasteboard  or  wood,  while  it 
totally  fails  as  a  cement  for  glass  or  china,  either  of  which  needs 
some  resinous  material  to  unite  its  fragments ;  whilst  for  the  union 
c(  marble^  stone,  or  brickwork  with  each  other,  the  use  of  mortar 
or  some  calcareous  cement  is  required.  The  thinner  the  layer  of 
cement^  the  more  perfectly  does  it  perform  its  task,  as  it  more 
rapidly  and  completely  adapts  itself  to  changes  of  temperature, 
which,  by  causing  it  to  expand  unequally,  would  destroy  the  cohe- 
sbn  of  its  own  particles  if  a  thick  mass  were  employed. 

Cements  of  various  kinds  are  in  continual  requisition  in  the 
laboratory.  Well-boiled  paste  applied  on  thin  paper  forms  an 
excellent  covering  for  corks  and  other  joints  which  are  liable  to  be 
porous  ;  it  must  be  allowed  to  become  nearly  dry  before  it  is  used. 
Plaster  of  Paris  made  into  a  paste,  not  too  stiff,  may  often  be  used ; 
when  dry  it  may  be  washed  over  with  oil  to  make  it  air-tight. 
Strips  of  well-soaked  bladder  may  sometimes  be  employed  advan- 
tageously ;  they  form  a  firm  joint  when  dry :  but  for  most  purposes 
▼here  a  temporary  joint  only  is  required,  nothing  is  so  convenient 
as  a  strip  of  sheet  caoutchouc  softened  at  the  fire,  and  bound  round 
the  parts  to  be  connected ;  when  softened  thus,  it  usually  adheres 
perfectly  without  even  requiring  to  be  tied.  When  the  joint  is 
intended  to  be  permanent,  as,  for  example,  when  a  brass  cap  is  to 
be  attached  to  the  neck  of  an  air-jar,  a  resinous  cement  consisting 
of  5  parts  of  resin,  i  of  yellow  wax,  and  i  of  finely  powdered 
Venetian  red,  forms  a  convenient  mixture :  the  resin  and  wax  are 
melted  together  and  incorporated  with  the  Venetian  red  by  stirring. 
Before  applying  it,  both  the  glass  and  the  metallic  cap  which  are 
to  be  connected  together  must  be  warmed  just  sufficiently  to  melt 
the  cement.  When  the  joints  are  required  to  resist  a  considerable 
pressure  without  leaking,  a  mixture  of  equal  parts  of  red  and  white 
lead  ground  into  a  paste  with  linseed  oil,  worked  up  with  fibres 
of  tow^  and  packed  tightly  into  the  joint,  sets  firmly,  and  is  not 
liable  to  crack. 

It  not  unfrequently  happens  that  the  force  of  adhesion  between 
1  cement  and  the  bodies  which  it  unites,  surpasses  the  cohesion  of 
fte   particles  which  compose  the  bodies  themselves:  from  this 
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cause  we  often  see  a  film  of  wood  split  off,  adhering  to  the  surface 
of  the  glue,  when  a  fracture  occurs  near  one  of  these  joinings. 
The  feat  of  eplittiog  a  bank-note  into  two  laminte,  which  excited 
so  much  astonishment,  was  accomplished  hy  cementing  it  firmly 
between  two  flat  surfaces,  and  afterwards  separating  them ;  the 
cohesion  of  the  paper  being  feebler  than  the  adhesion  to  the  cement, 
the  paper  was  split  through  the  middle.  This  method  of  splitting 
paper  had,  however,  been  long  known  to  the  buhl-cutter  and  in-lajer. 

(50)  Capillary  Action. — The  existence  of  adhesion  between 
solids  and  liquids  is  so  well  known  as  to  need  no  further  illustra- 
tion ;  but  it  produces  many  very  important  results,  some  of  which 
must  be  noticed. 

It  is  to  the  adjustment  of  the  forces  of  adhesion  and  cohesion 
between  solids  and  hquids  under  the  simultaneous  influence  of 
gravity,  that  the  important  phenomenon  called  capillary  attraction 
is  due.  If  a  perfectly  clean  glass  tube,  with  a  fine  bore,  and  open 
at  both  ends,  be  plunged  into  water,  or  into  any  liquid  capable  of 
wetting  it,  the  liquid  will  be  found  to  rise  in  the  tube  considerably 
above  the  level  of  its  surface  in  the  vessel ;  and  the  finer  the  tube 
the  higher  does  the  liquid  rise.  The  surface  of  the  liquid  will 
also  be  seen  where  it  approaches  the  outside  of  the  tube,  or  the  side 
J.  of  the  vessel  contain- 

Oing  it,  to  stand  above 
the  general  level  (fig. 
24  a).  The  pheno- 
menon may  also  be 
examined  by  placing 
vertically  in  a  shallow 
vessel  containing  a 
little  coloured  liquid, 
two  plates  of  glass  with  parallel  faces,  which  are  in  contact  by 
two  of  their  vertical  edges,  and  slightly  separated  at  the  opposite 
edges.  The  liquid  will  rise  between  the  glass  plates,  the  height 
of  the  column  being  inversely  as  its  distance  &om  the  angle  of 
contact  between  the  plates.  The  upper  boundary  of  the  hquid 
will  consequently  describe  a  hyperbolic  curve  {fig.  24  b).  The 
cause  of  the  rise  of  the  liquid  is  the  adhesion  between  its  particles 
and  those  of  the  glass;  the  limits  to  that  rise  are  the  action  of 
gravity,  and  the  force  of  cohesion  amongst  the  liquid  particles.  As 
the  action  of  gravity  is  equal  under  ordinary  circumstances  upon 
all  the  particles  of  the  liquid,  it  reduces  the  hquid  surface  to  a  uni- 
form leveL  'WTien  a  tube  is  introduced,  the  uniformity  of  this 
action  is   interfered  with,    as   the   following   considerations  will 
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show : — the  particles  in  immediate  contact  with  the  side  of  the 
tabe  are  partially  supported  by  adhesion  to  its  surface;  they 
dierefore  gravitate  downwards  with  a  diminished  force^  and  a 
longer  column  becomes  necessary  in  order  to  compensate  for  this 
diminution  of  downward  pressure.  Now  let  us  conceive  the  par- 
ticles of  the  elevated  column  of  liquid  to  be  arranged  as  a  scries 
of  contiguous  concentric  cylinders :  the  particles  of  the  outermost 
cylinder  are  sustained  laterally  by  adhesion  to  the  tube^  those  of 
the  next  cylinder  are  hung  on  to  these,  if  the  expression  may  be 
allowed,  and  supported  solely  by  cohesion  with  their  fellows; 
those  of  the  third  cylinder  are  himg  on  to  the  particles  of  the 
second,  and  so  on,  till  we  reach  the  central  rod  of  particles.  The 
surface  of  the  liquid  is  in  consequence  necessarily  curved ; — the 
outer  cylinder,  or  the  portion  of  liquid  in  contact  with  the  tube 
standing  at  the  highest  point.  Now  since  adhesion  is  confined  to 
the  superficial  layer,  and,  between  the  same  substances,  is,  cateris 
paribus,  constant  in  quantity  for  an  equal  extent  of  surface,  the 
wider  the  tube  the  shorter  will  be  the  column  sustained,  as  the 
contents  of  the  column  raised  by  cohesion  increase  more  rapidly 
than  the  surface  of  the  cylinder.  The  height  of  the  column  is 
found  to  be  inversely  as  the  diameter  of  the  tube. 

(51)  Variations  in  Capillarity, — The  elevation  of  the  column 
of  liquid  in  tubes  of  equal  diameter  varies  with  the  nature  of  the 
liquid,  the  variation  depending  partly  on  the  difierence  of  cohesion 
between  the  particles  of  the  liquid,  partly  upon  the  difference  of  ad- 
hesion between  the  liquid  and  the  glass.  In  consequence  of  the  de- 
crease of  both  these  forces  by  heat,  the  height  of  the  column 
diminishes  as  the  temperature  rises. 

The  following  table  from  the  experiments  of  Prankenheim, 

Capillary  Elevation  of  Liquids  in  Glass,  at  32*^  F. 


Liqaid  oied. 


Water      

Acetic  Acid     ... 

Solphnric  Acid 

Oil  of  Lemons... 
Oil  of  Turpentine 
Alcohol  (dilute) 

Alcohol    

£ther      

Bisulphide  of  Carbon 
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gravity  at 


I '0000 
I '0522 

1*8400 

0-8380 
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6*76 
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of  an  inch. 
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355 

331 

385 
266 

242 
338 
213 

201 


CoefBoient 

for  oorreotion  for 

Temperature. 


'■-\ 


0-02875^ 
0-0097^ 

o-oi53^+ 
0*000094^ 

0-0174^ 
0*0167^ 
0*0120^ 

0-00005 1  <* 
00254* 

O'OIOI* 
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cause  we  often  see  a  film  of  -wood  split  off,  adhering  to  the  surface 
of  the  glue,  when  a  &acture  occurs  near  one  of  these  joinings. 
The  feat  of  splitting  a  bank-note  into  two  laminEe,  which  excited 
so  much  astonishment,  was  accomplished  hy  cementing  it  firmly 
between  two  flat  surfaces,  and  afterwards  separating  them ;  the 
cohesion  of  the  paper  being  feebler  than  the  adhesion  to  the  cement, 
the  paper  was  split  through  the  middle.  This  method  of  splitting 
paper  had,  however,  been  long  known  to  the  buhl-cutter  and  in-layer. 
(50)  Capillary  Action. — The  existence  of  adhesion  between 
solids  and  liquids  is  so  well  known  as  to  need  no  further  illustra- 
tion ;  but  it  produces  many  very  important  results,  some  of  which 
must  be  noticed. 

It  is  to  the  adjustment  of  the  forces  of  adhesion  and  cohesion 
between  solids  and  liquids  under  the  simultaneous  influence  of 
gravity,  that  the  important  phenomenon  called  capillary  attraction 
is  due.  If  a  perfectly  clean  glass  tube,  with  a  fine  bore,  and  open 
at  both  ends,  be  plunged  into  water,  or  into  any  liquid  capable  of 
wetting  it,  the  liquid  will  be  found  to  rise  in  the  tube  considerably 
above  the  level  of  its  surface  in  the  vessel ;  and  the  finer  the  tube 
the  higher  does  the  liquid  rise.  The  surface  of  the  liquid  will 
also  be  seen  where  it  approaches  the  outside  of  the  tube,  or  the  side 
p  of  the  vessel  contain- 

ing it,  to  stand  above 
the  general  level  (fig, 
24  a).  The  pheno- 
menon may  also  be 
examined  by  placing 
vcrticallyin  ashallow 
I  vessel  containing  a 
little  coloured  liquid, 
two  plates  of  glass  with  parallel  feces,  which  are  in  contact  by 
two  of  their  vertical  edges,  and  slightly  separated  at  the  opposite 
edges.  The  liquid  will  rise  between  the  glass  plates,  the  height 
of  the  column  being  inversely  as  its  distance  firom  the  angle  of 
contact  between  the  plates.  The  upper  boundary  of  the  liquid 
will  consequently  describe  a  hyperbolic  curve  (fig.  24  b).  The 
cause  of  the  rise  of  the  liquid  is  the  adhesion  between  its  particles 
and  those  of  the  glass ;  the  limits  to  that  rise  are  the  action  of 
gravity,  and  the  force  of  cohesion  amongst  the  liquid  particles.  As 
the  action  of  gravity  is  equal  under  ordinary  circumstances  upon 
all  the  particles  of  the  liquid,  it  reduces  the  liquid  surface  to  a  uni- 
form leveh  When  a  tube  is  introduced,  the  uniformity  of  this 
action   is   interfered  with,    as  the   following  considaratious  will     ! 
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show : — the  particles  in  immediate  contact  with  the  side  of  tlie 
tabe  are  partially  supported  by  adhesion  to  its  surface;  they 
therefore  gravitate  downwards  with  a  diminished  force^  and  a 
longer  column  becomes  necessary  in  order  to  compensate  for  this 
diminution  of  downward  pressure.  Now  let  us  conceive  the  par- 
ticles of  the  elevated  column  of  liquid  to  be  arranged  as  a  series 
of  contiguous  concentric  cylinders :  the  particles  of  the  outermost 
cylinder  are  sustained  laterally  by  adhesion  to  the  tube,  those  of 
the  next  cylinder  are  hung  on  to  these,  if  the  expression  may  be 
allowed,  and  supported  solely  by  cohesion  with  their  fellows; 
those  of  the  third  cylinder  are  hung  on  to  the  particles  of  the 
second,  and  so  on,  till  we  reach  the  central  rod  of  particles.  The 
sor&ce  of  the  liquid  is  in  consequence  necessarily  curved ; — the 
outer  cylinder,  or  the  portion  of  liquid  in  contact  with  the  tube 
standing  at  the  highest  point.  Now  since  adhesion  is  confined  to 
the  superficial  layer,  and,  between  the  same  substances,  is,  ceteris 
paribus,  constant  in  quantity  for  an  equal  extent  of  surface,  the 
wider  the  tube  the  shorter  will  be  the  column  sustained,  as  the 
contents  of  the  column  raised  by  cohesion  increase  more  rapidly 
than  the  surface  of  the  cylinder.  The  height  of  the  column  is 
found  to  be  inversely  as  the  diameter  of  the  tube. 

(51)  Variations  in  Capillarity. — The  elevation  of  the  colimin 
of  liquid  in  tubes  of  equal  diameter  varies  with  the  nature  of  the 
liquid,  the  variation  depending  partly  on  the  difibrence  of  cohesion 
between  the  particles  of  the  liquid,  partly  upon  the  difference  of  ad- 
hesion between  the  liquid  and  the  glass.  In  consequence  of  the  de- 
crease of  both  these  forces  by  heat,  the  height  of  the  column 
diminishes  as  the  temperature  rises. 

The  following  table  from  the  experiments  of  Frankenheim, 

Capillary  Elevation  of  Liquids  in  Glass,  at  32®  F. 
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Water 
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Bisulphide  of  Carbon 
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shows  the  height  at  which  the  different  liquids  enumerated  standi 
at  32®  F.  in  a  tube  i  millimetre  in  diameter^  (about  Vr  of  an  inch,) 
with  the  coeflScient  of  correction  for  temperature,  which  multi- 
plied by  /,  the  number  of  degrees  centigrade  above  cP  C,  gives  the 
amount  to  be  deducted  in  millifnetres  from  the  number  in  column  3, 
in  order  to  find  the  height  of  the  capillary  column  at  the  tem- 
perature required. 

(52)  Capillary  Depression  of  Mercury. — In  liquids,  such  as 
mercury,  where  the  force  of  cohesion  preponderates  over  their 
tendency  to  adhere  to  the  sides  of  the  tube,  the  capillary  action  is 
reversed ;  the  surface  becomes  convex  instead  of  concave,  and  the 
height  of  the  column  within  the  tube  is  depressed  below  the 
general  level.  In  a  mass  of  liquid,  each  particle  is  maintained  in 
its  place  by  the  mutual  attraction  of  all  the  surrounding  ones ; 
but  if  a  column  be  isolated  from  the  mass  of  liquid  by  the  inter- 
position of  the  walls  of  the  tube,  the  sides  of  which  exert  little  or 
no  equivalent  adhesive  force,  the  cohesion  of  the  mass  below  draws 
down  the  upper  particles,  and  produces  a  depression  of  the  column. 
This  depression  of  mercury  in  glass  renders  a  certain  correction 
necessary  in  reading  off  the  height  of  the  mercurial  column  in  the 
barometer,  which  always  stands  a  little  lower  than  the  elevation 
due  to  the  atmospheric  pressure.  The  narrower  the  bore  of  the 
tube  the  greater  is  the  depression.  Experiment  has  shown  that 
this  capillary  depression  is  nearly  one-half  less  in  tubes  that  have 
had  the  mercury  boiled  within  them,  than  in  unboiled  tubes,  as 
the  process  of  boiling  expels  the  film  of  air,  which  adheres  to  the 
glass  in  unboiled  tubes.  By  employing  a  tube  of  |  or  ^  an  inch 
in  the  bore,  this  correction  becomes  so  trifling  that  it  may  be 
neglected.  In  a  tube  of  \  of  an  inch  in  diameter  in  which  the 
mercury  has  been  boiled,  the  depression  is  0*02  inch,  while  with 
a  similar  tube  of  ^  an  inch  in  diameter  it  is  only  0'003.  The 
capillary  depression  of  mercury  is  slightly  increased  by  elevation 
of  temperature. 

In  reading  off  the  level  of  mercury  in  a  barometer,  or  in  a 

graduated  jar  used  for  the  measurement  of  gases,  the  height  of  the 

•pj^  metal  should  be   taken  fix)m  the 

convexity  of  the  curve;    but   in 

estimating  the  volume  of  a  liquid 

X     [[  f  I    ^    which  wets  the  surface  of  the  glass 

the  determination  should  always 
be  made  from  the  bottom  of  the 
curve.  The  lines  a  a,  b  b,  fig.  25, 
indicate  the  points  in  the  two  cases. 
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ioS)  Importance  of  Capillary  Actions. — Capillary  action  plays 
an  important  part  in  the  operations  of  nature^  and  in  a  variety  of 
ways  has  been  rendered  subservient  to  the  wants  of  man.  A 
fiuniliar  illustration  of  its  employment  is  seen  in  the  wicks  of 
lamps  and  candles^  which^  being  composed  of  a  bundle  of  fibrous 
materials^  furnish  hair-Like  channels  by  which  the  oil  or  melted 
combustible  is  elevated  to  the  flame^  and  supplied  as  fast  as  it  is 
consumed.  Capillary  action  influences  the  circulation  of  the 
liquids  in  the  porous  tissues  of  organized  beings^  and  it  is  the 
principal  mode  in  which  water^  with  the  various  substances  which 
it  holds  in  solution^  is  supplied  to  the  roots  of  growing  plants.  By 
its  means,  during  the  droughts  of  summer^  fresh  supplies  of  mois- 
ture are  raised  towards  the  surface^  for  the  maintenance  of  vege- 
table life ;  and  in  the  same  way^  when  during  winter  the  surface  is 
hard  bound  by  a  long  dry  firost,  water  is  constantly  finding  its 
way  from  beneath^  is  solidified  upon  the  surface^  and  remains  stored 
up  until  a  thaw  ensues ;  when  this  occurs^  the  accumulated  mois- 
ture mellows  the  soil  and  produces  the  well-known  soft  and  plashy 
state  of  the  ground  which  follows  long-continued  frosts^  and  which 
extends  deeper^  the  longer  the  duration  of  the  freezing  tempera- 
tore,  although  neither  snow  nor  rain  may  have  fallen.  Few  persons 
are  aware  of  the  immense  force  which  may  be  developed  by  capil- 
lary action ;  if  a  plug  of  dried  wood  be  fitted  into  a  strong  glass 
tabe,  and  the  end  of  the  plug  be  immersed  in  water,  the  wood  be- 
comes swelled  by  the  imbibition  of  liquid  owing  to  capillary  action, 
and  the  tube  is  split.  In  some  parts  of  Germany  this  force  is 
tamed  to  account  in  splitting  millstones  troia  the  rock :  holes  are 
bored  into  its  substance  in  the  direction  in  which  it  is  to  be  split, 
and  into  these  holes  wedges  of  dry  wood  are  driven  tightly ;  when 
exposed  to  moisture  they  swell,  and  large  blocks  of  stone  are  thus 
detached  with  little  labour  or  expense. 

A  curious  illustration  of  the  action  of  the  combined  forces  of 
cohesion  and  adhesion,  in  overcoming  the  force  of  gravity,  is 
afforded  by  the  following  experiment : — Procure  a  small  cylinder 
cf  fine  copper-wire  gauze,  about  3  inches  high  and  2  inches  wide, 
closed  also  above  and  below  with  the  same  material,  and  frirnished 
irith  a  stout  wire  to  serve  as  a  handle  :  plunge  it  under  water ; 
considerable  difficulty  will  be  experienced  in  expelling  the  air,  owing 
to  the  fi^rmation  of  a  film  of  moisture  over  its  surface,  which,  by 
the  cohesion  of  the  liquid  particles  composing  it  and  by  its  adhesion 
to  the  wire  gauze,  prevents  the  escape  of  the  air;  when  about  half 
filled  with  water,  lift  the  cylinder  out  of  the  liquid — the  liquid  will 
be  aecaxely  retained :  water  may  even  be  allowed  to  fall  in  a  gentle 
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stream  upon  the  top  of  the  gauze^  when  it  will  pass  through  and 
run  out  below,  without,  however,  aflFecting  the  quantity  of  liquid 
within ;  but  by  giving  the  handle  a  slight  jerk,  the  film  of  liquid 
which  supported  the  pressure  of  the  atmosphere  will  be  broken, 
and  the  water  will  then  immediately  escape. 

(54)  Influence  of  Surface  on  Adhesion. — As  adhesion  takes 
place  solely  between  the  surface  of  bodies,  it  is  evident  that  any 
circumstance  which  increases  the  extent  of  that  surface  must 
materially  facilitate  the  exertion  of  this  force.  Minute  subdivision, 
by  thus  increasing  the  extent  of  surface,  greatly  exalts  the  eflFect 
of  adhesion : — for  example,  a  cube  of  i  inch  in  the  side  exposes  a 
surface  of  6  square  inches,  i.e.,  there  is  a  square  inch  upon  each 
of  its  6  faces;  if  this  cube  be  subdivided  into  a  number  of  smaller 
cubes,  each  of  which  is  only  two  ^^  ^^  ^^^ch  in  the  side,  it  would 
fiimish  1,000,000,000  of  these  minute  cubes.  Now  as  each  little 
cube  has  6  sides,  the  surface  which  it  will  expose  is  x  000066  of  * 
square  inch,  or  1,000,000  of  them  will  expose  6  square  inches ; 
that  is,  as  much  surface  as  a  solid  cube  of  an  inch  in  the  side : 
the  1,000,000,000  cubes  will  consequently  expose  1000  times  as 
great  a  surface,  or  upwards  of  41*6  square  feet.  The  force  of 
adhesion,  therefore,  by  such  a  subdivision,  should  be  increased 
somewhat  in  this  proportion. 

The  influence  of  this  kind  of  subdivision  in  exalting  the  effect 
of  adhesion  is  strikingly  exhibited  in  the  case  of  charcoal.  The 
structure  of  the  wood  from  which  the  charcoal  is  procured  is  cel- 
lular :  when  heated  in  vessels  from  which  air  is  excluded,  the  vola- 
tile constituents  of  the  wood  are  expelled ;  and  the  charcoal,  which 
does  not  fuse,  remains  behind  in  a  very  porous  condition,  retaining 
the  form  of  the  wood  which  furnished  it.  Mitscherlich  calculates 
that  the  cells  of  which  a  cubic  inch  of  box- wood  is  formed  expose 
a  surface  of  not  less  than  73  square  feet. 

Adhesion  occurs  between  charcoal  and  other  bodies  with 
degrees  of  force  that  vary  very  much.  For  the  colouring  matters 
of  vegetable  and  animal  origin  this  adhesion  is  extremely  energetic; 
so  that  if  these  bodies  be  dissolved  in  any  liquid  and  agitated  with 
charcoal,  nearly  the  whole  of  the  colouring  matter  will  be  retained 
by  the  charcoal,  and  on  separating  the  latter  by  filtration,  the 
liquid  will  run  through  colourless.  Ordinary  vinegar,  and  port- 
wine  may  thus  be  obtained  in  a  colourless  condition.  Advantage 
is  taken  of  this  fact  in  the  refining  of  sugar,  in  which  process  the 
syrups  are  deprived  of  colour  by  filtration  through  a  column  of 
charcoal  i!Z  or  13  feet  in  thickness.  The  species  of  charcoal 
which  is  most  extensively  employed  for  this  purpose  i^  that  ob^ 
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taincd  by  burning  bones  in  closed  vessels;  and  it  is  hence  termed 
bone  black,  or  ivory  black,  or  frequently  animal  charcoal.  The 
charcoal  is  in  this  case  in  a  state  of  extreme  subdivision ;  it  does 
not  constitute  above  a  tenth  or  a  twelfth  of  the  weight  of  the  mass ; 
die  remainder  consists  of  earthy  matters,  chiefly  phosphate  and 
carbonate  of  calcium.  When  bone  black  has  been  used  for  filteriug 
liquids^  and  has  ceased  to  take  up  any  more  colouring  matter^  it 
is  thrown  aside  and  allowed  to  ferment :  if  then  it  be  well  washed, 
and  re-burned^  it  may  be  used  again  with  nearly  equal  effect. 
Other  animal  matters,  especially  dried  blood,  furnish,  when  cal- 
cined and  well  washed,  a  charcoal  which  is  still  more  eflScacious. 
The  addition  of  carbonate  of  potassium  to  the  mass  before  calcina- 
tion, still  further  increases  the  decolorizing  power. 

Many  other  matters  besides  those  possessed  of  colouring  pro- 
perties have  likewise  this  peculiarity  of  adhering  strongly  to  char- 
coal. Graham  has  shown  that  metallic  oxides  in  solution  in  potash 
or  ammonia,  arsenious  acid  in  water,  and  bodies  generally  of  feeble 
solubility,  possess  this  property ;  a  variety  of  vegetable  matters, 
and  especially  the  bitter  principles,  are  thus  affected.  If  porter 
be  agitated  with  charcoal  and  Altered,  it  will  not  only  be  deprived 
of  colour^  but  also  of  much  of  its  bitterness.  It  was  formerly  the 
practice,  after  the  active  principles  of  medicinal  plants  had  been 
separated  from  the  woody  fibre  and  most  of  the  extraneous  matters 
with  which  they  are  associated,  to  free  them  from  the  colouring 
matters  with  which  they  were  contaminated,  by  digestion  with 
inimal  charcoal ;  so  large  a  proportion  of  the  active  principles 
themselves,  however,  was  found  to  be  retained  by  the  charcoal, 
that  the  plan  was  abandoned.  In  consequence  of  this  property, 
animal  charcoal  has  been  administered  with  good  effect  in  some 
instances  of  poisoning  with  vegetable  matters  :  in  such  cases  it  can 
never  be  imsafe,  and  may  often  be  of  great  value.  I  have  found 
that  very  dilute  aqueous  solutions  of  salts  of  lead  are  decomposed 
by  filtration  through  a  column  of  animal  charcoal :  the  nitrate,  the 
acetate,  and  the  chloride  of  lead  part  with  their  metallic  base  which 
18  retained  by  the  charcoal,  probably  as  a  basic  salt ;  whilst  free 
nitric^  acetic,  or  hydrochloric  acid  is  found  in  the  filtered  liquid. 

Many  finely  divided  substances  besides  charcoal,  such  as 
hydrated  oxide  of  iron  and  alumina,  hydrated  sulphide  of  antimony, 
hydrated  phosphate  of  calcium,  as  well  as  iodide  and  sidphide  of 
lead'  when  freshly  precipitated,  also  exert  powerful  decolorizing 
actions.  The  decolorizing  power  varies  for  each  substance  with 
the  nature  of  the  colouring  principle :  thus  tincture  of  litmus 
jrields  its  colouring  matter  more  readily  to  phosphate  of  calcium^  and 
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to  hydrated  oxide  of  iron,  than  it  does  to  animal  charcoal  freed 
from  phosphate  of  calcium  by  the  action  of  acids.  On  the  other 
hand^  the  colouring  matter  of  red  wine  and  of  molasses  is  more 
readily  absorbed  by  animal  charcoal  than  it  is  by  hydrated  phos- 
phate of  calcium^  or  oxide  of  iron.  (Filhol,  Ann,  de  Chimie^  III. 
XXXV.  208.) 

(55)  Solution, — Adhesion  is  frequently  manifested  between 
solids  and  liquids  with  sufficient  force  to  overcome  the  power  of 
cohesion^  and  the  substance  is  then  said  to  become  dissolved,  or  to 
undergo  solution.  In  this  manner  sugar  or  salt  is  dissolved  by 
water,  camphor  or  rosin  by  spirit  of  wine,  lead  or  silver  by  mer- 
cury. Anything  that  weakens  the  force  of  cohesion  in  the  solid 
favours  solution.  Thus,  if  the  substance  be  powdered,  it  becomes 
dissolved  more  quickly,  both  from  the  larger  extent  of  surface 
which  it  exposes,  and  from  the  partial  destruction  of  cohesion.  In 
the  same  way,  heat,  by  increasing  the  distance  between  the  par- 
ticles of  the  solid,  lessens  its  cohesion,  and  probably  thus  contri* 
butes  so  powerfully  to  assist  in  producing  solution.  If  a  solid 
body  be  introduced  in  successive  portions  into  a  quantity  of  a 
liquid  capable  of  dissolving  it,  the  first  portions  disappear  rapidly, 
and  as  each  succeeding  quantity  is  added,  it  is  dissolved  more 
slowly,  until  at  length  a  point  is  reached  at  which  it  is  no  longer 
dissolved.  When  this  occurs,  the  force  of  cohesion  balances  that 
of  adhesion,  and  the  liquid  is  said  to  be  saturated.  It  is  impor-  * 
taut  to  remark,  that  in  cases  of  simple  solution,  the  properties  both 
of  the  solid  and  of  the  liquid  are  retained.  Syrup,  for  instance, 
retains  the  sweetness  of  the  sugar  and  the  liquid  form  of  water. 
So,  when  camphor  is  dissolved  in  spirit  of  wine,  the  resulting  tinc- 
ture partakes  of  the  properties  of  both,  having  the  smell  and  taste 
both  of  camphor  and  of  spirit.  Solution  is,  in  this  respect,  distin- 
guished broadly  from  those  cases  in  which  a  solid  disappears  under 
the  influence  of  a  liquid  owing  to  the  exertion  of  a  chemical  force 
between  the  particles  of  the  two  bodies ;  as  when  copper  is  dis- 
solved by  nitric  acid,  or  iron  by  sulphuric  acid.  Solution  usually 
occurs  more  readily  when  the  solvent  and  the  body  dissolved  pre- 
sent some  general  resemblance  in  properties :  thus,  mercury  dis- 
solves many  of  the  metals,  alcohol  dissolves  resins,  oils  dissolve 
fatty  bodies  and  each  other.  In  cases  of  chemical  action,  on  the 
other  hand^  that  action  is  most  energetic  between  bodies  the  pro- 
perties of  which  are  most  widely  difierent ;  the  metals,  for  example^ 
are  dissolved  by  acids,  oils  by  the  alkalies,  and  silica,  if  melted 
with  potash  or  soda,  becomes  soluble  in  water.  The  extent  to 
which  difierent  soUds  are  dissolved  by  the  same  liquid  varies  almost 
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indefinitely.  In  water,  sulphate  of  barium  is  almost  absolutely  in- 
soluble ;  sulphate  of  calcium  or  gypsum  is  soluble  in  the  proportion 
of  about  I  part  in  700  of  water ;  sulphate  of  potassium  in  about 
I  part  in  16  j  while  sulphate  of  magnesium  may  be  dissolved  to  the 
extent  of  2  parts  of  the  crystals  in  3  of  water.  It  should  be  ob- 
aenred  that  water,  after  it  has  been  saturated  with  one  salt,  will 
still  continue  fireely  to  dissolve  others. 

Many  substances  in  which  the  cohesion  amongst  their  particles 
is  weak  are  extensively  soluble  in  water,  though  they  have  but  little 
adhesion  to  it.  Such  substances  will  often  be  displaced  by  adding 
a  solution  of  another  body  which  adheres  more  strongly  to  water. 
Prussian  blue,  for  example,  is  dissolved  by  distilled  water  which 
has  been  acidulated  with  oxalic  acid ;  but  it  is  precipitated  by 
adding  a  solution  of  common  salt,  or  of  sulphate  of  sodium,  and 
the  blue  compound  subsides  on  standing,  lea\dng  a  clear  colourless 
liquid  above  it. 

Although  in  the  majority  of  instances  the  solubility  of  a  sub- 
ftance  is  increased  by  heat,  it  is  not  uniformly  so.  Lime  and 
sevCTal  of  its  salts  offer  remarkable  exceptions.  Water  just  above 
the  freezing  point  dissolves  nearly  twice  as  much  lime  as  it  does 
when  boiling ;  so  that  if  water,  saturated  with  lime  in  the  cold,  be 
heated,  it  becomes  milky,  and  recovers  its  transparency  as  it  cools« 
Sulphate  of  calcium  is  also  slightly  more  soluble  in  water  at  about 
100^  F.  than  it  is  in  boiling  water.  A  compound  of  lime  and  sugar, 
very  soluble  in  cold  water,  is  separated  from  the  solution  almost 
completely,  if  heated  to  boiling.  But  the  most  remarkable  case 
of  the  kind  occurs  in  sulphate  of  sodium  :  this  salt  (the  Glauber's 
salt  of  commerce)  when  crystallized  requires  about  10  times  its 
weight  of  ice-cold  water  for  solution,  and  its  solubility  increases 
rapidly  as  the  temperature  rises,  until  it  reaches  91°  P. :  from  this 
point  until  the  solution  boils,  the  solubility  decreases;  so  that 
when  a  portion  of  the  liquid  saturated  at  91^  is  heated  more 
strongly  without  allowing  the  water  to  evaporate,  hard  gritty 
crystals  are  deposited,  and  the  liquid  when  it  boils  retains  only 
about  -J-  of  the  quantity  which  was  dissolved  at  91®.  Seleniate  of 
sodium  exhibits  the  same  peculiarity  ;  so  also  does  sulphate  of  iron^ 
although  in  a  less  degree.  These  anomalous  results  may  be  partly 
explained  by  the  consideration,  that  heat  diminishes  the  force  of 
adhesion  as  weU  as  that  of  cohesion :  generally  speaking,  cohesion 
is  the  more  rapidly  diminished  of  the  two,  although  not  uniformly 
ao;  and  in  the  cases  of  which  we  are  now  speaking,  it  would 
appear  that  the  adhesive  force  decreases  in  a  greater  ratio  than  the 
oohesion  of  the  saline  particles.     An  important  observation  in 
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relation  to  this  subject  has  been  made  upon  the  composition  of 
the  salts  just  mentioned^  which  have  been  foimd  to  undergo  a 
change  at  a  temperature  below  that  of  boUing  water :  at  the  tem- 
perature of  the  air,  these  salts  contain  a  certain  quantity  of  water, 
known  as  water  of  crystallization:  but  this  water  is  either  wholly 
or  partially  expelled  from  the  crystals  at  a  boiling  heat.  The  hard 
crystals  of  sulphate  of  sodium  which  are  deposited  during  the 
heating  of  the  saturated  solution  contain  no  water.  The  supersa- 
turation  of  saline  solutions  has  been  made  the  subject  of  an 
elaborate  series  of  researches  by  Lowel.  In  the  course  of  these 
inquiries,  it  appeared  that  in  many  instances  a  salt  which  ordi- 
narily crystallizes  with  a  large  proportion  of  water  may  be  ob- 
tained in  two  or  more  different  crystalline  forms,  in  each  of 
which  it  is  generally  united  with  a  different  quantity  of  water  of 
crystallization.  Sulphate  of  sodium,  for  example,  may  be  ob- 
tained in  three  different  forms  —  viz.,  i,  the  anhydrous  salt 
(Na^iSOJ;  2,  a  hydrate  with  yH^O;  and  3,  a  hydrate  with 
10  H3O.  Each  of  these  varieties  has  its  specific  solubility,  which 
differs  from  the  solubility  of  the  other  varieties  of  the  same  salt. 
It  is,  therefore,  possible  to  have  two  or  more  solutions  of  the 
same  salt  at  the  same  temperature,  each  of  which  shall  be 
saturated,  and  yet  each  of  which  shall  contain,  in  equal  weights, 
different  quantities  of  the  salt,  when  reduced  to  its  anhydrous  con- 
dition— the  variation  depending  upon  differences  in  the  molecular 
constitution  of  the  salt.  Carbonate  of  sodium  (NagCOj),  besides 
its  ordinary  form  with  10  H^O,  crystallizes  in  two  different  forms, 
each  of  which,  singular  to  say,  contains  yH^O;  but  the  solubility 
of  these  two  varieties  is  different ;  and  a  similar  observation  has 
been  made  in  the  case  of  sulphate  of  magnesium. 

Diffusion  of  Liquids. 

(56)  Adhesion  between  Liquids, — In  the  majority  of  instances 
adhesion  between  dissimilar  liquids  is  very  perfect ;  and,  from  the 
complete  mobility  of  the  particles,  the  two  liquids  become  perfectly 
incorporated.  A  drop  of  alcohol  or  of  oil  of  vitriol  may  be  perfectly 
mixed  with  a  quart  or  any  other  quantity  of  water ;  or  a  drop  of 
water  with  a  quart  of  alcohol  or  of  oil  of  vitriol.  There  are  in- 
stances, however,  in  which  this  perfect  solution  does  not  take 
place :  the  cohesion  of  the  particles  of  the  two  liquids  may,  at  a 
certain  point,  balance  their  adhesion  for  each  other,  and  they  will 
become  mutually  saturated.  For  this  reason  when  ether  is  mixed 
with  water  by  agitation,  the  greater  part  will  separate  on  allowing 
the  mixture  to  repose :  the  ether  will  have  dissolved  -J-  or  -jV  o^  i** 


ADHESION   BETWEEN   LIQUIDS.  75 

bulk  of  water,  and  the  water  will  have  taken  up  about  an  equal 
proportion  of  ether.  In  a  similar  way  the  essential  oils  are  soluble 
only  to  a  very  small  extent  in  water;  oil  of  peppermint,  for  in- 
stance, if  agitated  with  water,  and  then  left  to  rest,  wiU,  for  the 
most  part,  separate,  although  a  sufficient  quantity  will  have  been 
dissolved  to  communicate  the  flavour  and  odour  of  the  essence  to 
the  water.  In  other  instances,  the  separation  of  the  two  liquids, 
as  when  oil  and  water  are  mingled,  appears  to  be  complete. 

When  chloroform  is  dropped  into  distilled  water  it  gradually 
sinks,  and  the  drops  preserve  their  rounded  outline :  but  if  a  drop 
or  two  of  an  alkaline  solution  be  added,  the  surface  of  the  chloro- 
form becomes  flattened ;  and  it  resumes  its  rounded  character  on 
again  adding  a  few  drops  of  an  acid.  This  experiment  shows 
what  slight  circumstances  may  modify  the  cohesive  powers  of  a 
hqnid,  and  its  degree  of  adhesion  to  others ;  the  adhesion  of  water 
to  chloroform  being  increased  by  the  addition  of  an  alkali,  and 
being  again  diminished  by  neutralizing  the  alkali. 

(57)  Cohesion  Figures, — A  curious  illustration  of  the  struggle 
between  the  forces  of  cohesion  and  adhesion  is  exhibited  in  the 
phenomena  of  cohesion  figures,  to  which  attention  has  lately  been 
drawn  by  Tomlinson.  (PhiL  Mag.,  Oct.  1861,  and  March,  1862.) 
These  phenomena  may  be  best  examined  by  allowing  a  drop 
of  some  liquid  sparingly  soluble  in  water,  such  as  kreasote, 
or  one  of  the  essential  oils,  to  be  deposited  gently  upon  the  surface 
of  dean  water  in  a  wide  glass  vessel  perfectly  free  from  grease  :* 
the  adhesion  of  the  drop  to  the  surface  of  the  water  will  cause  it 
to  spread  out  into  a  film,  but  the  cohesion  of  the  particles  com- 
posing the  drop  immediately  produces  a  reaction ;  if  oil  of  lavender 
be  used,  the  film  opens  in  a  number  of  places,  producing  a  worm- 
eaten  pattern,  resembling  that  shown  in  Fig.  26,  The  arms 
of  this  figure  tend  to  gather  themselves  up  into  separate  smaller 
drops,  the  adhesion  of  the  water  spreads  them  out  again,  then  the 
cohesion  of  the  oil  reacts  against  this,  and  soon  prevails  ;  the  con- 
sequence being  the  speedy  formation  of  the  original  drop  into 
a  number  of  discs,  with  sharp,  well-defined  outlines  and  convex 
surfaces..  This  action  is  often  so  rapid  that  it  requires  a  quick 
eye  to  follow  all  the  changes. 

Now  it  appears  that  every  liquid  has  its  own  peculiar  figure, 
by  which  it,  indeed,  may  often  be  easily  distinguished  from  other 

*  The  best  way  to  secure  this  is  to  rinse  out  a  glass,  to  ordinary  appearance 
dean,  with  a  few  drops  of  oil  of  yitriol,  which  must  be  allowed  to  now  over 
the  entire  anrface,  then  to  wash  the  glass  out  with  abundance  of  dean  water, 
not  toaching  the  inside  either  with  the  fingers  or  a  cloth. 
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liquids.  These  figures  are  osually  more  or  few  permanent,  accord- 
ing  Bs  the  liquid  under  trial  Ib  less  or  more  soluble  in  water.  The 
more  soluble  the  liquid,  the  more  quickly  does  the  figure  disappear. 
The  figure  of  kreasote  will  last  for  five  miuutes ;  that  of  ether,  or 


of  alcohol,  but  for  the  fraction  of  a  second.  These  figures  are 
often  extremely  beautiful;  they  are  usually  altered  when  two 
liquids  arc  mingled  with  each  other ;  and,  in  many  cases,  a  prac- 
tised  eye  can,  by  the  form  of  the  figure  produced,  detect  with 
certainty  the  nature  of  the  substance  which  has  been  added  to 
the  original  liquid.  Indeed^  it  appears  to  be  very  probable 
that  this  fact  may  be  extensively  useful,  as  affording  a  rapid 
means  of  judging  approximatively  of  the  purity  of  such  bodies 
as  the  essential  oils,  many  of  which  are  often  lai^ely  adul- 
terated with  the  fixed  oils,  or  still  more  often  with  oU  of 
turpentine.  Fig.  27  shows  the  appearance  exhibited  by  krea- 
Fio.  39.  Fio.  30. 
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■ote;  fig.  28,  of  pore  ether;  fig.  39,  of  Bicohol.  Indeed,  the 
films  of  fixed  oils  also  have  characters  perfectly  distinguiBhable. 
Sperm,  fig.  30,  and  colza,  fig.  31,  each  have  their  own  cohesion 
figures ;  and  Tomlinson  considers  that  it  would  be   easy  for  any 

Fio.  31. 

Fia.  33. 


m^^L^s^^ 


Fio.  33- 


one  to  detect  a  mixture  of  the  two  by  the  appearance  of  the  film 
produced  by  a  drop  of  such  a  mixture,  the  result  being  such  as 
ia  alunm  in  fig.  32. 

(58)  D^uion  of  Ligitids. — If  two  liquids  sus- 
cqitible  of  permanent  admixture  with  each  other, 
but  of  different  densities,  be  placed  in  the  same 
ressel,  they  will  gradually  become  intermixed ; — 
thus,  if  a  tall  jar  be  filled  with  the  blue  infusion  of 
litmus  &r  about  two-thirds  of  its  capacity,  and,  by 
means  of  a  long  fiinnel,  as  shown  in  fig.  ^^,  a 
quantity  of  oil  of  vitriol  be  cautiously  poured  in, 
(0  as  to  occupy  the  lower  portion  of  the  jar,  it 
will  be  found,  after  the  lapse  of  two  or  three  days, 
that  the  acid  has  become  difiiised  through  the 
liquid,  which  will  consequently  have  assumed  a  '  _^^ 
red  colour  throughout.  If  watched  at  intervals,  ^'^Hf| 
the  progTCBB  of  the  mixture  may  be  traced  by  the 
gradual  change  of  colour  6rom  below  upwards. 

Graham  in  his  researches  upon  this  subject  employed  a  very 
simple  apparatus  (fig.  34),  for  measuring  the  rate  at  which  this 
diffusion  takes  place.      His  experiments  were  -p^^ 

performed  principally  upon  solutions  of  saline 
l-odies,  which  were  allowed  to  diffuse  into 
water.  A  niunber  of  small  jars,  of  equal  capa- 
city (about  4  oz.  each),  were  prepared,  with  the 
necks  ground  to  a  uniform  aperture  of  i'24 
inches  in  diameter;  into  these  jars  the  trial 
solutions  were  poured,  to  within  half  an  inch  j 
of  the  top ;  the  jars  were  then  filled  up  with  1 
pure  water.  Thus  charged,  each  jar  was  closed 
by  a  glass  plate,  and   placed  in   a  cylindrical 
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vessel  containing  about  20  oz.  of  distilled  water,  the  mouth  of  the 
solution  jar  being  at  least  one  inch  below  the  surface  of  the  water 
in  the  exterior  vessel.  The  glass  plate  was  then  cautiously  removed. 
The  apparatus  was  afterwards  set  aside  in  an  undisturbed  place, 
and  maintained  at  a  steady  temperature  for  several  days.  After 
a  sufficient  lapse  of  time,  the  mouth  of  the  solution  jar  was  again 
closed  with  a  plate  of  glass,  and  the  vessel  withdrawn  from  the 
large  jar.  The  water  in  the  outer  jar  was  evaporated,  and  the 
salt  that  had  passed  into  it  was  easily  determined  by  weight. 
{Phil.  Trans.,  1850.) 

(59)  Laws  of  Diffusion  of  Liquids. — From  these  experiments 
several  important  conclusions  have  been  deduced : — 

1.  It  is  found  that  by  employing  solutions  of  the  same  sub- 
stance, but  of  different  degrees  of  strength,  the  quantities  of  the 
substance  diffused  in  equal  times  are,  cateris  paribus,  proportioned 
to  the  quantity  in  the  solution.  For  example,  four  different  solu- 
tions of  common  salt,  in  water,  were  prepared,  containing  respec- 
tively, 1,  2,  3,  and  4  parts  of  salt  to  100  parts  of  water.  In  eight 
days^  time  the  quantities  diffused  were,  in  the  first  solution, 
278  grains ;  in  the  second,  5*54  grains,  or  just  double  the  amount ; 
in  the  third,  8*37  grains,  or  three  times  the  quantity;  and  in  the 
fourth,  I  I'll  grains,  or  almost  exactly  four  times  the  amount  dif- 
ftised  &om  the  first  solution. 

2.  No  direct  relation  is  observable  between  the  specific  gravity 
of  a  solution  and  its  diffusibility,  but  the  quantities  of  the  sub- 
stance difiused  fix)m  solutions  containing  equal  weights  of  different 
bodies  vary  with  the  nature  of  the  substance,  as  will  be  seen  by 
reference  to  the  following  table.  The  solutions  in  each  case  con- 
tained 20  parts  of  the  solid,  dissolved  in  100  parts  of  water,  and 
were  exposed  for  eight  days  at  a  temperature  of  6o°'5. 


Diffusibility  of  Solids  in  Solution. 

Substances  as«d. 

Sp.  gr.ofsolutioD 
at  60° 

Weight  in  ^ains 
diflhsed. 

Chloride  of  Sodium    

II265 

5868 

Sulphate  of  Magnesium    . . . 

ri85 

27*42 

Nitrate  of  Sodium     

I'I20 

51-56 

Sulphuric  Acid 

i-io8 

69*32 

Sugar  Candy       

1-070 

26*74 

Barley  Sugar      

Starch  Sugar      

I'OOO 

26*21 

i'o6i 

26*94 

Treacle  (of  Cane  Sugar)    ... 

1*069 

3255 

Gum  Arabic 

1*060 

13*24 

Albumen      

1-053 

3-08 

The  extreme  slowness  with  which  albumen  becomes  diffused  is 
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remarkable ;  and  is  no  doubt  connected  with  its  functions  in  the 
animal  system^  where  it  is  present  so  abimdantly  in  the  serum  of 
the  blood  and  in  other  important  liquids. 

On  comparing  together  the  times  in  which  different  substances 
are  diffused  in  equal  quantities^  some  remarkable  numerical  rela* 
tions  were  discovered,  and  a  close  parallelism  was  observed  to  hold 
between  the  phenomena  of  liquid  diffusion  and  those  which  accom- 
pany the  diffusion  of  gases  (67). 

It  has  been  found  that  saline  substances  may  be  arranged  in 
groups,  the  members  of  each  group  being  equi-difiusive,  and  the 
rates  of  difiusion  in  each  group  being  connected  with  the  rate  of 
diflusion  of  the  other  groups  by  a  simple  numerical  relation.  Iso* 
morphouB  salts — that  is,  salts  which  crystallize  in  the  same  form 
and  which  have  an  analogous  chemical  composition — ^have  generally 
equal  rates  of  difiusion.  The  relations  of  the  most  important  of 
these  equi-diffusive  groups  may  be  pointed  out,  as  follows : — 

The  first  group  contains  hydrochloric,  hydriodic,  and  hydro- 
bromic  acids  ;  perhaps  also  nitric  acid.  These  acids  are  the  most 
difiusible  substances  known.  The  second  group  contains  hydrate 
o(  potash,  and  probably  ammonia.  The  third  group,  nitrate  of 
potassium,  nitrate  of  anmionium,  chloride,  bromide,  and  iodide 
of  potassium,  muriate  of  ammonia,  and  chlorate  of  potassium. 
The  fourth,  nitrate,  chloride,  bromide  and  iodide  of  sodium.  The 
fifth,  sulphate,  carbonate,  and  ferrocyanide  of  potassium,  as  well 
as  sulphate  of  ammonium;  probably  also  the  neutral  and  acid 
chromate,  acid  carbonate,  acetate  and  ferricyanide  of  potassium. 
The  sixth  group  contains  sulphate,  and  carbonate  of  sodium ;  and 
the  seventh,  sulphate  of  magnesium,  and  sulphate  of  zinc. 

On  comparing  together  the  squares  of  the  times  in  which  equal 
quantities  of  these  different  salts  are  drfl^ed,  these  numbers  exhibit 
a  very  interesting  proportion  to  each  other,  which  is  illustrated  by 
the  following  table.     In  the  first  column  of  figures  the  relative 

Ratio  of  Liquid  Diffusion. 


Oronpf* 

Bate  of 
Diffarion. 

Times  of  equal 
Diflhaion. 

Ratio  of 
Squares  of  times 
oi=Difniaion. 

1.  Hydrochloric  Acid 

2.  Hydrate  of  Potash 

3.  ^Nitrate  of  Potassium    ... 

4.  I^itrate  of  Sodium 

5.  Sulphate  of  Potassium . . . 
0.  Sulphate  of  Sodium 

7.  Sulphate  of  Magnesium .. 

I'OOO 

o*8oo 

0*462 
0*400 
0*326 
0*200 

3*960 

4-950 
7*000 

8-573 
9*900 

12*125 

19*800 

2 

9 
12 

18 

48 
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difiiisibility  of  the  di£fcrent  groups  is  given  as  compared  with  the 
hydrochloric  acid  group ;  the  second  shows  the  times  required  for 
the  diffusion  of  equal  weights  of  the  individuals  composing  each 
group ;  and  in  the  third  is  shown  the  ratio  of  the  squares  of  those 
times  of  equal  diffusion. 

It  has  been  observed,  also,  that  in  the  case  of  gases  (67),  the 
squares  of  the  times  required  for  the  difiusion  of  equal  volumes 
are  to  one  another  in  the  inverse  ratio  of  their  densities.  And 
hence  it  has  been  inferred  by  analogy  that  the  molecules  of  these 
salts,  as  they  exist  in  solution,  possess  densities  which  are  to  each 
other  as  the  squares  of  their  times  of  equal  diffusion :  that,  for 
example,  the  solution  densities  of  hydrochloric  acid,  hydrate  of 
potassium,  and  nitrate  of  potassium,  are  as  2  :  3  :  6. 

All  experiments  on  the  division  of  liquids  proceed  with  greater 
regularity  in  dilute  solutions :  as  the  liquid  approaches  the  point 
of  saturation  the  uniformity  of  action  is  interfered  with,  by  the 
tendency  to  cohesion  of  the  particles  of  the  solid. 

3.  The  quantity  of  any  substance  diffused  from  a  solution  of 
uniform  strength  increases  as  the  temperature  rises :  for  example, 
the  rate  of  diffusion  of  hydrochloric  acid  increases  as  follows : — 

Diffusion  at  60®       .     .     .      =      i 

«  80°       ...      =      1-3545 

„  ico^       .     .     .      =      17732 

„  120°        .      .       .       =       2*l8l2 

Graham  supposed  from  his  early  experiments  that  the  ratio  of 
diffusion  between  different  bodies,  if  compared  at  the  same  tempe- 
rature, remains  constant,  whatever  the  temperature  at  which  the 
comparison  is  made ;  but  subsequent  experiments  have  led  him  to 
the  conclusion,  that  the  more  highly  diffusive  the  substance,  the 
less  does  it  gain  in  diffusiveness  by  rise  of  temperature. 

4.  It  is  found  that  if  two  substances  which  do  not  combine 
chemically,  and  which  possess  different  degrees  of  diffusiveness,  be 
mixed  in  solution,  and  be  placed  in  a  diffusion  cell,  they  may  be 
partially  separated  by  the  process  of  diffusion,  the  more  divisible 
one  passing  out  the  more  rapidly ;  the  salt  which  is  least  soluble 
having,  however,  its  diffusiveness  somewhat  reduced  in  proportion 
to  the  other.  Upon  this  fact  Graham  observes,  '  the  mode  in  which 
the  soil  of  the  earth  is  moistened  by  rain  is  peculiarly  favourable 
to  separations  by  diffusion.  The  soluble  salts  of  the  soil  may  be 
supposed  to  be  carried  down  together,  to  a  certain  depth,  by  the 
first  portion  of  rain  which  falls,  while  they  afterwards  find  an  at- 
mosphere of  nearly  pure  water  in  the  moisture  which  falls  last. 
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and  occupies  the  sur£ELce  stratum  of  the  soil ;  diffiision  of  the  salts 
upwards^  with  its  separations  aud  decompositions^  must  necessarily 
ensue.  The  salts  of  potash  and  ammonia  which  are  most  required 
for  Yegetation^  possess  the  highest  difiPiisibility^  and  will  rise  first. 
The  pre-eminent  difiusibility  of  the  alkaline  hydrates  may  also  be 
called  into  action  in  the  soil  by  hydrate  of  lime^  particularly  as 
quicklime  is  applied  as  a  top-dressing  to  grass  lands/ 

In  some  cases  even  chemical  decomposition  may  be  efiected  by 
the  process  of  liquid  diffusion.  Thus^  if  a  solution  of  ordinary 
alum  (which  is  a  compound  of  sulphates  of  potassium  and  aluminum 
in  fixed  proportions)  be  placed  so  as  to  become  diffused  into  water^ 
the  sulphate  of  potassium  will  pass  out  more  rapidly  in  proportion 
to  the  quantity  present  than  the  sulphate  of  aluminum. 

5.  Provided  that  the  liquids  be  dilute,  it  appears  that  one  sub- 
stance will  become  diffused  into  water  already  containing  another 
body  in  solution,  just  as  into  pure  water. 

In  comparing  with  these  the  phenomena  of  gaseous  diffusion 
{67),  it  will  be  seen  how  closely  all  these  points  coincide  in  the 
two  cases. 

(60)  Osmose. — Intimately  connected  with  the  process  of  liquid 
diffusion  are  the  changes  which  occur  when  the  two  liquids  are 
separated  by  the  intervention  of  a  porous  diaphragm.  The  pheno- 
mena here  are,  however,  more  complicated,  i5pom  the  part  which  the 
adhesion  of  the  two  liquids  to  the  material  of  the  dia- 
phragm exercises  upon  the  result.  The  process  of  •^^^-  35- 
mixture  will  go  on  in  this  case  notwithstanding  the 
direct  opposition  of  gravitation.  The  following  expe- 
riment exhibits  this  fact  in  a  striking  manner : — 
Provide  a  funnel,  or  a  small  jar  (fig.  35),  open  at  top 
and  bottom,  and  fiirnished  with  a  long,  narrow  stem  ; 
over  the  opeij  mouth  of  the  jar  tie  a  piece  of  mois- 
tened bladder ;  fill  the  jar  and  a  portion  of  the  stem 
with  spirit  of  wine  (or  with  a  solution  of  sugar  in 
water),  then  place  the  jar,  with  its  broad  end  down- 
wards, in  a  shallow  vessel  containing  water,  noting 
the  height  at  which  the  spirit  or  the  solution  stands 
in  the  stem.  In  the  course  of  a  few  hours  the 
column  of  liquid  will  be  found  to  have  increased  in  height,  and  if 
sufficient  time  be  allowed,  it  will  have  risen  to  the  top  of  the  tube, 
and  will  at  length  overflow.  This  phenomenon  has  been  explained 
in  the  following  manner : — 

Owing  to  its  greater  adhesion  to  water  than  to  spirit,  tlie 
Uadder  is  easily  moistened  by  the  water  in  contact  with  its  lower 
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surface,  whilst  the  spirit  above  wets  the  bladder  frith  dif&culty^ ;  the 
water  rises  into  the  bladder  by  capillary  attraction,  and  fills  its  pores; 
it  thus  reaches  the  upper  surface,  where  it  comes  into  contact  with 
the  spirit ;  a  true  liquid  diffusion  of  the  water  through  the  spirit 
then  commences  (owing  to  the  adhesion  between  the  two  liquids) ; 
a  fresh  portion  of  water  rises  from  below  into  the  pores  of  the  bladder 
to  supply  the  place  of  that  which  has  been  removed,  and  thus  the 
liquid  within  the  frinnel  is  constantly  inereasisg  in  bulk,  until  at 
length,  even  in  opposition  to  gravity,  the  liquid  overflows ;  this 
flowing  in  of  the  liquid  was  termed  by  Dutrochet,  who  first  parti- 
cularly examined  it,  endosmotis  (from  tvSov  inwards,  and  uioftoc 
impulse.)  At  the  same  time  that  this  action  proceeds  from  without 
inwards,  a  very  small  quantity  of  spirit  is  paning  out  by  a  similar 
process  into  the  water  below,  and  this  flowing  out  of  the  vessel  is 
designated  exoamosia.  Upon  this  view  the  esseotial  conditions  to 
the  phenomenon  are  the  more  complete  adhesion  of  the  bladder  to 
one  liquid  than  to  the  other,  and  the  existence  of  a  certain  degree 
of  adhesion  between  the  two  liquids.  Whenever  these  conditions 
are  realized,  no  matter  what  the  liquids  may  be,  the  liquid  which 
most  freely  wets  the  membrane  passes  out  more  rapidly  than  the 
other  passes  in.  If  a  film  of  collodion,  which  is  more  easily  wetted 
by  alcohol  than  by  water,  be  substituted  for  the  bladder  in  the  fore- 
goiug  experiment,  the  direction  of  the  osmose  will  be  reversed,  and 
the  alcohol  will  pass  into  the  water  more  rapidly  than  the  watei 
into  the  alcohol. 

The  foregoing  explaaation,  although  it  is  probably  true  for  the 
particular  experiment  with  alcohol  and  water,  is  however  inadequate 
to  explain  the  phenomenon  generally,  which  is  one  of  continual 
occurrence,  and  is  of  importance,  especially  when  viewed  in  its 
physiological  bearings :  the  inTCStigations  of  Graham  [Phil.  Tram., 
1854)  have  also  proved  it  to  possess  considerablf  interest  in  a 
purely  chemical  seose. 

(61)   Conditions  of  Otmoae.— The  osmometer 

I  used  in  these  experiments  is  represented  in  fig.  36. 

It  consists  of  a  bell-jar,  a,  of  a  capacity  of  5  or  6 

ounces,  over  the  open  mouth  of  which  a  plate  of 

perforated  zinc  is  placed,  and  over  this  is  securely 

tied  a  piece  of  fresh  ox-bladder  with  the  muscular 

I  coat  removed,  or  else  an  artificial  membrane  formed 

by  calico  soaked  in  white  of  egg  and  dipped  Into 

I  boiling  water  to  coagulate  it ;  to  the  upper  apcr- 

I  ture  of  the  bell- jar,  a  tube,  -jV  of  the  diameter  of 

'  the  lower  opening  of  the  jar,  is  fitted.    This  tube 
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is  open  at  both  ends^  and  is  graduated  into  millimetres^  so  that  each 
degree  is  equal  to  about  ^  of  an  inch.     A  rise  or  £Edl  of  liquid 
in  the  narrow  tube  amounting  to  loo  millimetres  therefore  repre- 
sents the  entrance  or  removal  of  a  stratmn  of  liquid  of  i  milli- 
metre in  thickness  over  the  whole  siurface  of  the  membrane.     In 
using  the  instrument^  the  membrane  is  well  macerated  in  pure 
"vater^  and  the  saline  solution  introduced  into  the  jar^  a^  until  it 
stands  at  a  fixed  mark  in  the  narrow  tube.    The  apparatus  is  then 
placed  on  a  tripod  stand  in  a  tall  cylindrical  jar^  b^  and  distilled 
water  poured  in  until  it  stands  exactly  at  the  level  of  the  liquid 
in  the  tube.     During  the  whole  experiment  this  level  is  carefully 
maintained^  by  the  addition  or  removal  of  water  in  the  outer  jar, 
as  circnmstances  require. 

The  principal  points  which  were  ascertained  by  experiments 
conducted  in  this  way  were  the  following : — 

1.  Neutral  organic  substances^  such  as  urea^  gum  arabic,  sugar 
of  milky  gelatin^  and  salicin^  exercise  little  or  no  osmotic  action. 

2.  Strictly  neutral  salts^  such  as  sulphate  of  magnesium^  chloride 
of  sodium^  and  chloride  of  barium,  exercise  no  peculiar  osmotic 
power,  but  appear  to  follow  nearly  the  same  rate  of  difiPiision  as 
that  which  is  observed  when  no  porous  partition  is  used. 

3.  Alkaline  solutions,  and  especially  the  solutions  of  the  carbo- 
nates of  potassium  and  sodium,  on  the  contrary,  produce  endosmosis 
to  a  most  remarkable  extent.  This  effect  is  observed  even  in  so- 
lutions which  contain  not  more  than  i  part  of  the  salt  to  looo  of 
water.  Indeed,  it  was  found  generally  that  these  osmotic  pheno- 
mena were  most  strongly  developed  in  dilute  solutions,  such,  for 
instance,  as  did  not  contain  more  than  2  per  cent,  of  the  salt.  In 
these  experiments  a  large  bulk  of  water  entered  the  osmometer, 
whilst  only  a  very  small  portion  of  the  alkaline  salt  escaped  into 
the  water  of  the  outer  jar.  For  example,  in  5  hours,  when  a 
Bohition  of  carbonate  of  potassium  containing  i  part  of  the  salt 
in  1000  of  water  was  placed  in  the  osmometer,  the  liquid  in  the 
stem  of  the  instrument  rose  through  1 92  divisions ;  and  for  each 
grain  of  carbonate  of  potassium  that  became  difiused  into  the  outer 
eylinder,  upwards  of  550  grains  of  water  entered  the  osmometer ; 
but  when  a  solution  which  contained  1  per  cent,  of  carbonate  of 
potassium  was  used,  not  much  more  than  63  grains  of  water 
entered  the  instrument  for  each  grain  of  carbonate  that  became 
difiused  into  the  outer  cylinder.  When  the  liquid  rises  in  the 
osmometer^  Graham  distinguishes  it  as  positive  osmose. 

4.  On  the  other  hand,  dilute  acids,  and  solutions  of  acid  salts 
generallj^  produce  a  current  in  the  opposite  direction ;  consequently 
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the  column  falls  in  the  stem  of  the  osmometer.     This  effect  is  dis- 
tinguished as  negative  osmose. 

Salts  which  admit  of  division  into  a  basic  salt  and  free  acid 
exhibit  osmotic  properties  in  a  high  degree.  This  is  well  seen  in 
the  case  of  acetate  of  aluminum^  nitrate  of  lead,  chloride  of  zinc, 
and  the  chromic  and  ferric  salts.  The  acid  travels  outwards  by 
diffusion,  and  the  inner  surface  of  the  membrane  is  left  in  a  basic 
condition,  whilst  the  outer  surface  is  acid — conditions  highly 
favourable  to  rapid  positive  osmose. 

5.  In  every  instance  in  which  osmotic  action  is  observed  (ex- 
cept  in  the  cases  of  alcohol  and  cane  sugar),  a  chemical  action  on 
the  material  of  the  septimi,  whether  it  consists  of  bladder  or  of 
earthenware,  invariably  occurs ;  and  it  is  remarkable,  that  if  porous 
materials,  not  susceptible  of  decomposition  by  the  liquids,  be  made 
use  of  as  a  partition,  the  osmotic  phenomena  become  insignificant : — 
thus  a  plug  of  gypsum,  of  washed  unbaked  clay,  of  tanned  leather, 
or  of  compressed  charcoal,  although  sufficiently  porous,  gives  rise 
to  little  or  no  osmotic  action.  To  induce  osmose  under  the  most 
favourable  circumstances,  the  chemical  action  on  the  septum  must 
be  different  on  the  two  sides,  not  only  in  degree,  but  also  in  kind ; 
such  as  is  produced  by  the  presence  of  acid  upon  one  surface,  and 
of  alkali  on  the  other.  These  circumstances  are  especially  inte- 
resting from  their  chemical  bearings,  as  is  also  the  next  point, 
which  is  probably  connected  with  them-viz. :- 

6.  Two  salts,  when  mixed,  often  have  an  osmotic  action  very 
different  from  that  which  they  exercise  separately.  For  example, 
perfectly  neutral  sulphate  of  potassium  has  a  feeble  positive  osmose, 
represented  by  a  rise  of  20  millimetres  in  5  hours.  The  addition  of 
I  part  of  carbonate  of  potassium  to  10,000  of  the  solution  raised 
it  to  nearly  loo™™*  in  5  hours,  whilst  an  equally  minute  trace  of 
hydrochloric  acid  stopped  the  osmose  almost  entirely.  Similar 
results  were  obtained  with  sulphate  of  sodium.  Chloride  of  sodium, 
on  the  other  hand,  exhibits  a  remarkable  power  of  reducing  osmotic 
action  in  other  salts.  The  osmose  of  a  solution  of  carbonate  of 
sodium,  containing  xoVo  of  ^^  carbonate,  was  reduced  from  179™™- 
to  32""*,  by  the  addition  of  i  per  cent,  of  chloride  of  sodium. 
Prom  other  experiments,  it  appears  ftirther  that  two  different  saline 
solutions,  one  placed  in  the  osmometer,  the  other  in  the  outer  jar, 
each  solution  holding  equal  weights  of  the  different  salts  dissolved 
in  the  same  bulk  of  water,  may  also  give  rise  to  osmotic  action, 
when  separated  by  a  suitable  porous  partition. 

Liebig  has  shown  that  the  mechanical  force  of  the  osmotic 
current  may  be  measured  by  the  following  simple  means  :---Let  the 
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open  extremity  of  the  shorter  limb  of  a  glass  tube  bent  into  the  form 
of  a  syphon  be  closed  by  a  piece  of  bladder,  pour  a  little  mercury 
into  the  bend  of  the  tube,  and  fill  the  shorter  limb  with  the  saline 
Uquid  under  experiment ;  immerse  the  bend  of  the  tube  and  the 
membrane  in  water,  leaving  the  extremity  of  the  longer  limb  open  : 
as  the  water  enters  the  tube,  the  mercury  will  be  raised  in  the  longer 
limb^  and,  when  the  column  reaches  a  certain  height,  the  two  liquids 
will  intermix  without  change  of  volume.  The  length  of  the  column 
which  has  been  raised  above  the  level  of  the  surface  of  the  mer- 
cury in  the  shorter  limb  must  be  measured,  and  when  compared  with 
the  length  of  the  column  obtained  with  other  liquids  under  similar 
circumstances,  it  affords  a  comparative  measure  of  the  osmotic  force 
for  each.  Osmotic  action  thus  offers  an  interesting  case  of  the 
direct  conversion  of  chemical  attraction  (on  the  septum)  into  motive 
power,  the  extent  of  which  admits  of  ready  numerical  expression. 

Osmotic  phenomena  are  constantly  going  on  both  in  plants  and 
in  animals ;  for  in  their  tissues,  liquids  of  very  different  natures, 
sometimes  acid,  still  more  often  alkaline,  are  circulating  through 
vessels  necessarily  constructed  of  flexible  and  porous  materials ;  and 
in  the  economy  both  of  the  vegetable  and  of  the  animal  creation 
such  actions  are  of  the  highest  importance  to  the  due  performance 
of  the  vital  functions.  In  fact,  we  as  yet  know  not  how  intimately 
the  entire  processes  of  absorption,  nutrition,  and  secretion,  are 
connected  with  the  operations  of  liquid  diffusion  and  of  endosmosis. 

(62)  Dialysis — Crystalloids  and  Colloids, — In  a  subsequent 
memoir  {Phil.  TVans.,  1 86 1 ,  p.  1 83),  Graham  has  pursued  the  subject 
of  liquid  difliision,  and  applied  the  process  to  the  purposes  of  che- 
mical analysis.  The  most  remarkable  conclusion  at  which  he 
arrives  in  this  memoir  is  that  all  bodies  are  chemically  referable 
to  one  or  other  of  two  great  classes,  which  he  distinguishes  as 
crystalloids  and  colloids.  Bodies  susceptible  of  crystallization,  or 
crystalloids,  form  a  solution  generally  free  firom  viscosity,  and 
they  are  always  sapid;  they  are  especially  endowed  with  the  ten- 
dency to  difiusion  through  a  porous  septum :  whilst  the  colloids, 
or  jelly-like  substances  (from  icoXXi;,  glue),  such  as  gum,  starch, 
dextrin,  tannin,  gelatin,  albumen,  and  caramel,  arc  characterized 
by  a  remarkable  sluggishness  and  indisposition  to  diffusion  or  to 
crystallization ;  when  pure,  they  are  also  tasteless  or  nearly  so. 

Sulphate  of  magnesium,  for  instance,  one  of  the  least  diffusible 
crystalline  bodies,  has  a  diffusibility  7  times  as  great  as  that  of  albu- 
men, and  14  times  as  great  as  that  of  caramel,  if  compared  by  de- 
termining the  relative  weights  which  are  diffused  in  equal  times 
under  ^irnilsur  circumstances. 
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If  we  compare  together  the  times  required  for  the  diflfusion  of 
equal  weights  of  different  substances^  calling  the  time  of  hydro- 
chloric acid,  the  most  difiiisible  of  known  bodies,  unity,  the  following 
table  may  be  formed  of 

Approximative  Times  of  Equal  Diffusion. 

Hydrochloric  acid i 

Chloride  of  sodium 2*33 

Cane-sugar 7 

Sulphate  of  magnesium      ....  7 

Albumen .  49 

Caramel 98 

In  making  these  experiments,  some  insoluble  colloid,  such  as 
a  sheet  of  the  paper  modified  by  sulphuric  acid,  which  is  well 
known  under  the  name  of  'parchment  paper,'  is  employed  as  a 
septum  through  which  the  diffusion  may  take  place.  A  ready 
dialysis  (from  Sia,  asunder,  Xvaiq,  separation),  or  separation  of 
crystalloid  and  colloid  bodies  may  be  effected  in  the  following 
manner : — Prepare  a  shallow  tray  by  stretching  a  sheet  of  parch- 
ment paper  over  one  side  of  a  hoop  of  gutta  pcrcha;  place  the 
mixture  for  experiment  in  the  tray,  and  then  float  it  in  a  shallow 
dish  of  pure  water,  the  bulk  of  the  water  being  from  4  to  10  times 
that  of  the  mixture.  In  the  course  of  24  or  48  hours,  the  sepa- 
ration will  have  taken  place  more  or  less  completely.  In  this  way 
a  solution  of  arsenious  acid,  for  instance,  after  admixture  with 
various  articles  of  food,  readily  difiiises  out.  If  the  diffusate  be 
evaporated  down  to  a  small  bulk,  the  arsenious  acid  may  be  ob- 
tained nearly  free  from  organic  matter,  and  suflSciently  pure  to 
yield  a  yellow  precipitate  with  sulphuretted  hydrogen. 

There  is  no  doubt  that  this  process  of  dialysis  will  find  impor- 
tant applications  both  in  pharmacy  and  in  the  laboratory.  In  the 
examination  of  organic  mixtures  for  poisons,  it  afbrds  a  simple 
method  of  separating  almost  all  crystalline  bodies,  such  as  the 
mineral  poisons  and  the  vegetable  alkaloids  from  the  mass  of  organic 
fluids  without  introducing  any  extraneous  substance,  thus  leaving 
the  mixture  perfectly  fit  for  other  modes  of  examination. 

Many  colloidal  bodies  of  organic  origin,  such  as  gum,  albumen, 
or  caramel,  may  in  a  similar  way  be  freed  from  saline  impurities, 
which  it  is  very  difficult,  if  not  impossible,  to  remove  by  other 
means.  Difiusion,  indeed,  takes  place  very  perfectly  from  solid 
hydrated  colloids ;  this  may  be  shown  in  a  striking  manner  by  the 
following  experiment : — 

Let  10  parts  of  common  salt  and  two  of  gelose,  or  Japanese 
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gelatin^  be  dissolved  in  hot  water^  whicli  must  be  added  till  it  forms 
loo  parts  of  solution.     If  this  be  poured  into  a  glass  jar^  it  will 
set,  on  cooling,  into  a  firm  jelly ;  now  pour  upon  this  700  parts 
of  a  similar  solution  of  gelose,  but  containing  no  chloride  of  so- 
dium ;  this  also  will  set  into  solid  jelly.     In  an  experiment  made 
in  this  way,  the  whole  was  left  undisturbed  for  eight  days,  and 
the  result  was  compared  with  a  simihu*  experiment,  in  which  dif. 
fusion  of  the  salt  was  allowed  to  take  place  into  an  upper  stratum 
of  water  instead  of  one  of  gelose.    The  rate  of  diffusion  was  found 
to  be  nearly  the  same  in  the  two  cases,  but  rather  the  most  rapid 
in  the  case  of  the  solid  jelly.     This  process  may  be  watched  very 
readily  by  substituting  a  coloured  salt,  such  as  acid  chromate  of 
potassium,  for  the  chloride  of  sodium. 

Graham  has  suggested  the  following  explanation  of  the  process 
of  dialysis.  The  water  in  the  colloidal  septum  is  not  directly 
available  as  a  medium  for  difiusion,  being  in  a  state  of  true  chemical 
eombination,  feeble  though  it  be.  Soluble  crystalloids,  however, 
can  separate  water,  molecule  after  molecule,  from  the  hydrated 
colloid  constituting  the  septum;  the  crystalloid  in  this  manner 
obtains  the  liquid  medium  required  for  its  difiusion,  and  thus 
makes  its  way  through  the  gelatinous  septum. 

Graham  indeed  supposes  that  the  coats  of  the  stomach  dialyse 
the  food  during  digestion,  absorbing  the  crystalloids  and  rejecting 
all  the  colloids,  an  action  favoured  by  the  thick  coating  of  mucus 
which  generally  lines  the  stomach.  This  suggestion  probably  re- 
quires some  limitation ;  otherwise  starch,  gelatin,  and  other  col- 
loids^ unless  previously  converted  into  crystalloids,  would  be  wholly 
unabsorbed  after  they  have  been  swallowed.  The  process  of  dialysis, 
though  most  commonly  exhibited  in  animal  and  vegetable  textures, 
is  not  confined  to  them.  For  example,  the  cementation  of  iron,  or 
the  process  of  its  slow  carburation  during  its  conversion  into  steel, 
is  supposed  to  be  due  to  colloid  difiusion,  the  pasty  condition  to 
which  iron  is  reducible  at  a  certain  elevation  of  temperature  being 
referred  by  Graham  to  its  assumption  of  the  colloidal  form. 

Colloid  bodies  do  not  necessarily  belong  to  the  organic  king- 
dom, though  they  are  most  frequently  met  with  amongst  its  con- 
stituents; and  owing  to  their  tendency  to  undergo  slow  but 
perpetual  molecular  change,  together  with  their  peculiar  relations 
to  water,  they  seem  to  be  especially  suited  to  form  the  plastic 
materials  required  for  building  up  the  tissues  of  the  living  organism. 
Indeed,  the  crystalloid  appears  to  be  the  static,  whilst  the 
ocdloid  is  the  dynamic  condition  of  a  body ;  and  the  usual  tendency 
of  the  colloid  is  gradually  to  approach  the  crystalloid  form. 
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The  chemistry  of  a  body  in  the  colloid  condition  is  very 
different  front  that  of  the  same  body  in  its  crystalloid  form.  Hy- 
drated  or  gelatinouB  silicic  acid,  soluble  alumina,  a  particular 
soluble  form  of  hydrated  peroxide  of  iron,  and  of  sesquioxide 
of  chromium,  are  instanced  by  Graham  as  belonging  to  the  class 
of  inorganic  colloids.  Each  of  them,  in  this  state,  possesses  pro- 
perties quite  different  from  those  which  it  exhibits  in  its  ordinary 
or  crystalline  form.  Some  colloids  arc  soluble  in  water,  as  gelatin 
and  gum  arable ;  some  are  insoluble,  like  gnm  tragacanth  :  some 
form  solid  compounds  with  water,  as  for  example,  gelatin  and 
tragacanth ;  whilst  others,  like  tannic  acid,  do  not.  In  colloids 
water  of  gelaiinizatton  appears  to  represent  in  some  measure  the 
water  of  crystallization  in  crystalloids. 

The  combining  proportion  of  colloids  is  generally  high,  although 
the  ratio  between  the  elements  of  the  substance  may  be  simple, 
and  it  seems  not  to  be  improbable  that  the  grouping  together  of 
a  number  of  crystalloid  molecules  may  be  one  of  the  essential 
requisites  for  the  development  of  the  colloid  condition. 

(63}  Flow  of  Liquids  through  Capillary  Tubes, — An  interesting 
and  close  connexion  exists  between  the  subjects  which  have  just 
been  considered  and  liquid  transpiration,  or  the  flow  of  liquids 
through  capillary  tubes.  The  most  extensive  and  complete  set  of 
experiments  hitherto  made  upon  this  branch  of  research,  is  due  to 
Poiseuille.  {Ann.  de  Chimie,  III.  xxi.  76.) 

Fig,  37  will  explain  the  method  of  con- 
Fio.  37.  ducting  these  experiments :   a   is  a  hollow 

conical  metallic  vessel,  which  can  be  attached 
by  a  screw  joint  to  a  capacious  receiver  of 
condensed  air,  the  exact  pressure  of  which 
can  be  regulated  by  means  of  a  gauge  at- 
tached to  it ;  B  is  a  glass  globe,  of  about  half 
a  cubic  inch  in  capacity,  which  contains  the 
liquid  under  experiment;  it  is  connected 
I  with  the  metallic  vessel,  a,  by  a  glass  tube 
I  of  narrow  bore.  A  similar  tube  proceeds 
I  from  the  lower  part  of  the  globe,  and  to 
1  this  is  attached  the  capillary  tube  c,  the  dia- 
I  meter  and  length  of  which  are  carefiilly  de- 
termined. The  object  of  the  little  bulb,  rf, 
is  merely  to  enable  the  observer  accurately  to  define  the  termina< 
tion  of  the  capillary  tube,  o  is  a  vessel  which  is  filled  with  water, 
provided  with  an  accurate  thermometer,  for  observing  and  regu- 
lating the  temperature.     When  an  experiment  is  to  be  made,  the 
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end  of  the  capillary,  c,  is  introduced  into  the  liquid^  and  the  globe, 
B,  is  filled  by  attaching  it  to  an  exhausting  syringe.  When  the 
liquid  has  risen  a  little  above  the  line  e,  the  syringe  is  detached, 
and  the  apparatus  connected  with  the  vessel  of  condensed  air. 
The  pressure  of  this  confined  air  continues  without  appreciable 
change  during  the  experiment.  By  opening  a  stop-cock,  the  con- 
densed air  exerts  its  force  upon  the  liquid,  which  is  expelled 
through  the  capillary  tube,  c,  and  the  column  descends  in  the  tube, 
ef.  By  means  of  a  stop-watch,  the  time  at  which  it  reaches  the 
line,  tf,  is  exactly  noted,  and  the  time  is  again  observed  when  the 
g^obe  has  become  emptied,  and  the  liquid  has  reached  the  lower 
line  /.  The  object  of  the  conical  metallic  vessel,  a,  is  to  act  as  a 
trap  or  lodging  place  for  any  particles  of  dust  that  might  be  sus- 
pended in  the  compressed  air,  and  which,  by  obstructing  the 
capillary  tube,  would  mar  the  result. 

From  the  inquiries  of  Poiseuille,  it  appears  that  when  a  tube 
exceeds  a  certain  length  (which  is  greater  as  the  diameter  in- 
creases), the  following  laws  regulate  the  rate  of  efflux  of  the 
liquid: — i.  That  the  flow  increases  directly  as  the  pressure;  so 
that,  with  a  double  pressure,  double  the  amount  of  liquid  is  dis- 
charged in  equal  times.  2.  That  with  tubes  of  equal  diameter, 
the  quantities  discharged  in  equal  times  are  inversely  as  the  length 
of  the  tube :  if  firom  a  tube  2  inches  in  length,  ico  grains  escape 
in  five  minutes,  from  a  similar  tube,  4  inches  long,  only  50  grains 
would  flow  out  in  the  same  time.  3.  That  in  tubes  of  equal 
lengths,  but  of  difierent  diameters,  the  flow  is  as  the  fourth  powers 
of  the  diameters ;  for  example,  if  tubes,  one  of  ^V^  another  of 
tJ-oi  of  *^  i^ch  in  diameter,  be  compared  together,  the  efflux 
from  the  larger  tube  would  be  16  times  as  great  as  from  the 
smaller,  being  in  the  proportion  of  1^  :  2^  or  as  1  :  16,  although 
the  diameter  of  the  tube  is  only  twice  as  great. 

To  the  chemist,  however,  the  most  interesting  part  of  these 
experiments  is  that  which  displays  the  efiect  produced  by  varying 
the  kind  of  body  which  is  allowed  to  flow  through  the  capillary 
tube.  The  material  of  which  the  tube  itself  is  made  does  not 
appear  to  influence  the  result;  but  the  nature  of  the  solution 
employed  exercises  the  most  marked  efiect.  The  liquids  used 
were,  in  most  cases,  solutions  in  water  of  various  bodies,  espe- 
cially of  salts.  In  the  majority  of  instances  the  flow  of  the  so- 
lution was  slower  than  that  of  distilled  water.  All  the  alkalies 
occasioned  this  retardation.  In  a  few  cases,  no  sensible  eflfect  was 
produced.  Thus,  neither  nitrate  of  silver,  corrosive  sublimate, 
iodide   of  sodium,  iodide  of  iron,   nitric,  hydriodic,  bromic,  nor 
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hydrobromic  acid,  seemed  to  have  any  influence ;  whilst  the  hy- 
drosulphuric  and  hydrocyanic  acids,  and  a  few  of  the  salts  of 
potassium  and  ammonium — yiz,,  the  nitrates  of  potassium  and 
ammonium,  chlorides  of  potassium  and  ammonium,  the  iodide, 
bromide,  and  cyanide  of  potassium — ^increased  the  rapidity  of  the 
flow :  but  it  is  remarkable,  that  concentrated  solutions  of  iodide 
of  potassium  above  a  temperature  of  140®  P.,  and  of  nitrate  of 
potassium  above  104°,  actually  flow  more  slowly  than  distilled 
water  does.  Strict  attention  to  the  temperature  at  which  these 
comparisons  are  made  is  absolutely  necessary,  for  both  with  water 
and  with  dilute  solutions  generally,  a  slight  elevation  of  tem- 
perature produces  a  great  increase  in  the  rapidity  of  efllux.  Water, 
for  instance,  at  113®,  escaped  through  the  same  tube  with  a 
rapidity  2^  times  as  great  as  it  did  at  41^. 

Hitherto  no  connexion  has  been  traced  between  the  rate  of 
efflux  of  the  liquid  and  its  density,  capillarity,  or  fluidity.  The 
capillarity  of  alcohol,  as  well  as  its  density,  increases  in  proportion 
as  it  is  diluted  with  water,  while  its  fluidity  diminishes ;  but  ex- 
periment has  proved  that  a  mixture  of  equal  parts  of  spirit  of 
wine  and  water  flows  out  with  considerably  less  than  half  the 
rapidity  of  pure  alcohol,  and  with  less  than  one-third  of  that  of 
distilled  water.  The  dilution  of  alcohol,  therefore,  to  a  certain 
point,  retards  its  efflux,  and  beyond  that  point  increases  it :  the 
minimum  rate  of  efflux  corresponds  with  that  particular  mixture 
of  alcohol  and  water,  which  is  attended  with  the  maximum  of 
contraction  after  admixture  of  the  two  liquids.  The  degree  of  solu- 
bility of  a  body  in  water  appears  to  exercise  but  a  secondary  influ- 
ence on  the  phenomenon.  Poiseuille  shows  it  to  be  highly  pro- 
bable that  the  various  solutions,  when  introduced  into  the  blood 
of  a  living  animal,  provided  that  they  do  not  cause  the  scrum  to 
coagulate,  produce  effects  of  acceleration  or  retardation  on  the 
capillary  circulation,  corresponding  with  those  which  are  observed 
with  the  same  liquids  in  capillary  tubes  of  glass.  He  has  proved 
this  to  be  the  case  by  direct  experiment,  with  the  iodide  of  potas- 
sium when  injected  into  the  veins  of  the  horse ;  and  has  shown 
that  when  various  salts  are  mingled  with  serum,  and  the  liquids 
are  allowed  to  flow  out  through  small  tubes,  retardation  or  acce- 
leration occurs,  as  in  the  corresponding  cases  with  their  aqueous 
solutions. 

The  following  table  contains  several  of  PoiseuLUe's  results, 
numerically  expressed.  The  solutions  employed  contained  i  per 
cent,  of  the  various  substances  mentioned,  except  in  the  case  of 
the  last  four  liquids.     They  were  exposed  to  a  pressure  equal  to 


EFFLUX   OF  LIQUIDS   THROUGH    TUBES. 


91 


that  of  a  coliuxm  of  water  i  metre  (39*37  inches)  in  height,  at 
the  temperature  of  52^' 16^  unless  otherwise  noted;  and  escaped 
through  a  tube  64  millimetres  (2*5 19  inches)  in  length,  and 
o'Z4.946™™.  (o*oio8  inch)  in  diameter.  The  numbers  in  the  table 
indicate  the  time  occupied  in  seconds,  for  the  efSux  of  equal  bulks 
of  the  liquids  used — yiz.,  6*6  cubic  centimetres  (0*4  cubic  inch). 

Efflux  of  Liquids  through  Fine  Tubes. 


Distilled  Water. 


Fotassiam  ... 
Ammoniam .. 
Sodiam 

Lead 

Strontinm  ... 
Calciom  ... 
Maguesiom.. 

Alam 


Temperstnre  53^-16  F. 


Nitnta. 


S<>9'4 
5759 

578-8 
5813 

583» 


Sulphate. 


578"-9 
58ro 

59<>'3 


5905 


5934 


57S"-8 


Phos- 
phate. 


583"-4 
590-3 

5886 


^ 


Aneniate. 


583"-3 
SSs'o 


Car- 
bonate. 


588"-3 
593*5 


Tartar  Emetic.  581*2 


if-A^ 


565"o 


Chloride. 


56o"-8 

5609 

5<59'4 


571*3 

574*9 


iy-H 


566"a 


Oxalate. 


571     I 
574*3 

57«*4 


Diatilled  Water 
ArseniooB  Acid 
Phosphoric  Acid 
Oxalic  Acid  ... 
Acetic  Acid  ... 
Citric  Acid 


•  •  •     ••• 


575"*8 

583-8 

582-9 

5855 
5860 


Arsenic  Acid       ...  586"'3 

Solphoric  Acid  ...  589*6 

Pure  Serum,  Ox...  1048*5 

Madeira  Wine    ...  1134*1 

Sparkling  Sillery ..  1462*8 

Jamaica  Kum     ...  1831*9 


The  observation  of  Poiscuille,  that  diluted  alcohol  has  a  point 
of  maximum  retardation  coincident  with  the  degree  of  dilution  at 
which  the  greatest  condensation  of  the  mixed  liquids  occurs,  or  at 
a  point  in  which  i  atom  of  alcohol  and  3  atoms  of  water  (HgO) 
are  present  in  mixture,  served  as  a  starting  point  to  Graham  for 
a  new  inquiry.  [Phil,  Trans,  1861,  p.  373)  The  rate  of  transpira- 
tion he  has  proved  to  be,  in  certain  cases,  connected  with  che- 
mical composition.  The  3-atom  hydrate  of  methylic  alcohol, 
although  not  distinguished  by  any  particular  degree  of  conden- 
sation in  volume,  exhibits  a  peculiarity  in  its  transpiration-rate 
similar  to  that  of  dilute  vinic  alcohol.  The  hydrated  acids,  also,  in 
many  cases,  exhibit  a  characteristic  retardation  of  transpiration  at 
a  particular  degree  of  hydration. 

As  a  result  of  these  inquiries,  Graham  also  concludes  that  as  far 
as  his  observations  upon  different  alcohols,  ethers,  and  acids,  extend, 
the  order  of  succession  of  individual  substances  in  any  homologous 
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series  would  be  indicated  by  the  degree  of  tranapirability  of  these 
substances  as  clearly  as  it  is  by  tlieir  comparative  volatility. 

In  bydrated  substances,  the  extent  to  which  transpiration  is 
affected  by  the  annexation  of  water,  is  by  no  means  in  proportion 
to  the  intensity  of  combination.  In  sulphiu^c  acid,  for  instance, 
the  maximum  transpiration  time  occurs  with  the  hydrate 
(HjSO^+HjO),ofacetic  acid  with  the  compoundlHCjHjOj+HjO), 
of  nitric  acid  with  {2HNOj  +  3HjO),  and  with  alcohol  with  the 
hydrate  (CjHgOfsHjO). 

The  following  table  contains  a  r-isumi  of  some  of  the  more 
interesting  results  obtained  by  Graham  upon  this  subject.  Tlie 
transpiration  time  of  water  at  the  particular  temperature  employed 
is,  in  all  coses,  taken  as  the  unit  of  comparison : — 


u<imd  {«aa».«i). 

biii,,. 

Uj'S^i^. 

^^r 

W»t«      

roooo 

Mothylio  Aleohol,  CfT,0      ... 

0-6300 

+  3H,0 

I -Soar 

Viaio  Alcohol,  CH.O   

Amylic  Alcohol.  C.k„0       ... 

11950 

+  3H,0 

2-7872 

3-641)0 

Forraiato  of  Etlivl 

Acetate  of  Ethyl     

ButjrflteofEihyl 

0-5110 

°5^3° 

0-7500 

Valerate  of  Ethyl    

Acetic  Acid  (HC,H,0,) 

Butyric  Aeid(HC,H,0,)       ... 

?-atei 

+  H,0 

3-7400 

i-flt^so 

+  H,0 

33790 

Valeric  Add  {HaH,OJ      ... 

'■'550 

+  6A,0 

38390 

Nitric  Acid  (HN0,1      

0-9899 

2-1034 

Sulphuric  Acid  (H.SO,) 

^.■65.4 

33-7706 

Acetone  (C,H„0)     

0*4010 

1  -6040 

(64)  Adhetion  of  Gaaeg  to  Liguidg. — The  adhesion  of  gases  to 
liquids,  although  not  quite  so  evident  as  that  of  solids  to  liquids, 
is  yet  attended  with  results  almost  equally  important.  It  is  ex- 
emplified in  the  pouring  of  liquids  from  one  vessel  to  another,  by 
the  bubbles  which  are  carried  down  with  the  descending  stream, 
and  which  rise  and  break  upon  the  surface  of  the  liquid. 

Adhesion,  however,  produces  in  the  effects  of  solution  which 
attend  the  mutual  action  of  gases  and  liquids,  results  which  are 
far  more  general  in  their  operation.  All  gaseous  bodies  are  iu  a 
greater  or  less  degree  soluble  in  water :  some,  as  hydrochloric  acid 
and  ammonia,  being  absorbed  by  it  with  estreme  rapidity,  the 
liquid  taking  up  400  or  600  times  its  bulk  of  the  gas ;  in  other 
instances,  as  occurs  with  carbonic  acid,  water  takes  up  a  volume 
equal  to  its  own ;  whilst  in  the  case  of  nitrogen,  oxygen,  and  hy- 
drogen, it  does  not  take  up  much  more  than  fi-om  ^  to  -j!^  of  its 
bulk.     As  the  elasticity  of  the  gas  is  the  power  which  is  here 
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opposed  to  adhesion,  and  which  at  length  limits  the  quantity  dis- 
solved, it  is  found  that  the  solubility  of  each  gas  is  greater,  the 
lower  the  temperature,  and  the  greater  the  pressure  exerted  upon 
the  surface  of  the  liquid.  Dr.  Henry  found  that  at  any  given 
temperature,  the  volume  of  any  gas  which  was  absorbed  was 
unifonn,  whatever  might  be  the  pressure ;  consequently  that  the 
weight  of  any  given  gas  absorbed  by  a  given  volume  of  any  liquid 
at  a  fixed  temperature  increased  directly  with  the  pressure.  If 
the  pressure  be  uniform,  the  quantity  of  any  given  gas  absorbed 
by  a  given  liquid  is  also  uniform  for  each  temperature ;  and  the 
numerical  expression  of  the  solubility  of  each  gas  in  such  liquids 
is  termed  its  coefficient  of^  absorption,  or  of  solubility,  at  the  par- 
ticular temperature  and  pressure ;  the  volume  of  the  gas  absorbed 
being  in  all  cases  calculated  for  32°  F.,  under  a  pressure  of 
29^92  inches  of  mercury.  Thus  1  volume  of  water  at  32°,  and 
under  a  pressure  of  29*92  inches  of  the  barometer,  dissolves 
0041 14  of  its  volume  of  oxygen ;  and  this  fraction  represents  the 
coefficient  of  absorption  of  oxygen  at  that  temperature  and  pressure. 
All  water  contains  a  certain  small  proportion  of  air  in  solution, 
in  consequence  of  the  solubility  of  the  gases  of  which  the 
atmosphere  consists;  and  if  placed  in  a  vessel  under  the  air- 
pump,  so  as  to  remove  the  atmospheric  pressure  from  its  surface, 
the  dissolved  gases  rise  through  the  liquid  in  minute  bubbles. 
Small  as  is  the  quantity  of  oxygen  thus  taken  up  by  water  from 
the  atmosphere,  it  is  the  means  of  maintaining  the  life  of  all 
aquatic  plants  and  animals ;  if  the  air  be  expelled  from  water  by 
boiling,  and  it  be  covered  with  a  layer  of  oil  to  prevent  it  from 
again  absorbing  air,  fish  or  any  aquatic  animals  placed  in  such  water 
quickly  perish.  Even  the  life  of  the  superior  animals  is  dependent 
upon  the  solubility  of  oxygen  in  the  fluid  which  moistens  the  air- 
tubes  of  the  lungs,  in  consequence  of  which  this  gas  is  absorbed  into 
the  mass  of  the  blood  as  it  circulates  through  the  pulmonary  vessels. 
If  a  mixture  of  two  or  more  gases  be  placed  in  contact  with  a 
liquid,  a  portion  of  each  gas  will  be  dissolved,  and  the  amount  of 
each  so  dissolved  will  be  proportioned  to  the  relative  volume  of 
each  gas  in  the  mixture  multiplied  into  its  coefficient  of  solubility 
at  the  observed  temperature  and  pressure : — For  instance,  if  it  be 
assumed  in  round  numbers,  that  atmospheric  air  contains  ^th  of 
its  bulk  of  oxygen,  and  f  ths  of  its  bulk  of  nitrogen,  the  amount 
of  each  of  these  gases  which  water  should  absorb  from  the  air  at 
a  temperature  of  59°  under  a  pressure  of  29*92  inches,  may  be 
calculated  in  the  following  manner.  The  coefficient  of  absorption 
for  oxygen  at  59®  is  0*02989,  that  of  nitrogen  is  0*01478  : — 
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-J-  0*02989  =  0*00597  proportion  of  oxygen  dissolved. 
■J-  0*01478  =  o'oi  182  proportion  of  nitrogen  dissolved. 


0*01779  proportion  of  air  dissolved. 

The  proportion  of  nitrogen  thus  required  by  calculation  is  rather 
less  than  double  that  of  the  oxygen,  or  66*1  :  33*9,  a  proportion 
which  agrees  almost  exactly  with  the  results  of  experiment. 

The  following  table  shows  the  solubility  of  some  of  the  prin- 
cipal gases,  both  in  water  and  in  alcohol  (Bunsen,  Liebig^a  AnnaL, 
xciii.  I,  and  Carius,  lb,  xciv.  129).  All  these  gases,  with  the  ex- 
ception of  hydrochloric  acid,  may  be  expelled  from  the  water  by 
long-continued  boiling. 

Solubility  of  Gases  in  Water  and  in  Alcohol. 


Volumes  of  each  Gas  dissolved  in  i 

Volume 

Gases. 

Of  Water. 

Of  Alcohol.          1 

At  3a°  P. 

At  59*>  P. 

At3a°P. 

At  59^  F. 

Ammonia 

«  •  « 

1049*60 

727-2 
458-0 

Hydrochloric  Acid 

•  •  • 

505'9 

SolpharouB  Anhydride 

68-861 

43*5<54 

328-62 

144*55 

Sulphuretted    Hy 
dro^en 

■] 

A'Z1o6 

32326 

17-891 

9*539 

Chlonne 

solid 

2-368 

Carbonic  Acid... 

1-7967 

1-0020 

43295 

3*1993 

Nitrous  Oxide... 

1-3052 

0-07780 

4-1780 

3-2678 

OlefiantGas    ... 

0-2563 

0*16150 

3*5950 

28825 

Nitric  Oxide   ... 

... 

... 

0-31606 

0-27478 
0-48280 

Marsh  Gas 

0*05449 

003909 

0-52259 

Carbonic  Oxide 

003287 

0*02432 

0-20443 

0-20443 

Oxygen    

0-041 14 

0-02989 

0-28397 

0-28397 

Nitrogen 

0-02035 

001478 

0*12634 

0-12 142 

Air    • 

0-02471 

0-01795 

Hydrogen 

0-01930 

0-01930 

0-06925 

006725 

Other  liquids  besides  water  dissolve  the  gases  with  greater  or 
less  avidity. 

(65)  Adhesion  of  Gases  to  Solids, — When  iron  filings  are 
gently  dusted  over  the  surface  of  a  vessel  of  water,  a  considerable 
body  of  iron  dust  may  be  accumulated  upon  the  surface,  until  at 
length  it  falls  in  large  flakes,  carrying  down  with  it  bubbles  of 
air  of  considerable  size.  The  adhesion  of  these  bubbles  caused 
the  particles  of  iron  to  float,  for  such  particles  are  nearly  eight 
times  as  heavy  as  water.  Contrasted  with  this  result  is  the  effect 
of  dusting  magnesia  in  fine  powder  over  the  surface  of  water;  the 
particles,  although  not  one-third  of  the  density  of  the  iron,  imme- 
diately become  moistened  and  sink.  In  consequence  of  this  adhe- 
sion of  air  to  their  sur&ce^  many  small  insects  are  enabled  to 
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skim  lightly  over  the  surface  of  water,  which  does  not  wet  them. 
If  a  slip  of  dean  platinum  be  placed  in  mercmy,  it  is  found  on 
withdrawing  it  to  come  out  dry,  but  if  the  mercury  be  boUed  on 
the  platinum,  the  film  of  air  which  separated  the  two  metals  is 
expelled^  and  the  mercury  will  be  found  to  have  wetted  the  surface 
completely.  It  is  this  adhesion  of  air  to  the  surface  of  glass 
which  renders  it  necessary,  in  making  barometers,  to  boU  the 
mercury  in  the  tubes  after  they  have  been  filled,  in  order  com- 
pletely to  expel  the  film  of  air  with  which  the  tube  is  lined. 
But  the  most  striking  instances  of  adhesion  between  gases  and 
solids  are  exhibited  when  finely  divided  bodies  are  made  the  sub- 
ject  of  experiment.  We  have  already  had  occasion  to  notice  the 
effect  of  charcoal  when  introduced  into  solutions  (54).  Its  effects 
on  gases  are  equally  remarkable.  If  a  piece  of  well-burnt  box- 
wood charcoal  be  plunged  whilst  red-hot  under  mercury,  and  in- 
troduced without  exposure  to  the  air  into  a  jar  of  ammonia  or  of 
hydrochloric  acid,  it  will  absorb  these  gases  with  great  rapidity, 
and  will  indeed  reduce  them  into  a  bulk  less  than  that  which  they 
would  occupy  in  the  liquid  form.  A  piece  of  freshly-burned 
charcoal  when  exposed  to  the  air  condenses  moisture  rapidly 
within  its  pores,  and  has  been  observed  to  increase  in  weight  from 
this  cause  nearly  one-fifth,  in  a  few  days. 

Owing  to  this  property  of  charcoal,  water  saturated  with 
many  gases  may  be  freed  from  them  when  filtered  through  a 
body  of  ivory  black  :  sulphuretted  hydrogen  may  thus  be  removed 
so  completely,  that  it  cannot  be  detected  cither  by  its  nauseous 
odour,  or  by  the  ordinary  tests.  De  Saussure  found  that  freshly 
burned  boxwood  charcoal  absorbed  different  gases  in  very  different 
proportions,  as  will  be  seen  in  the  following  tabular  view  of  his 
results,  where  the  bulk  of  the  charcoal  used  in  each  experiment 
is  taken  as  i: — 

Absorption  of  Gases  by  Charcoal. 


AmmoniA    9^ 

Hydrochloric  Acid    85 

Sulphurous  Anhydride     ...  65 

Sulphuretted  Hydrogen  ...  55 

Nitrous  Oxide   40 

Carbonic  Acid   35 


OlefiantGas     35 

Carbonic  Oxide       9*4 

Oxygen     92 

Nitrogen 75 

Mardh  Gas       50 

Hydrogen 17 


It  will  be  seen  that  these  results  follow  an  order  almost  exactly 
the  same  as  that  of  the  solubility  of  the  gases  in  water  (64). 

Different  kinds  of  charcoal  vary  considerably  in  this  absorbent 
power.  Stenhouse  found,  on  comparing  equal  weights  of  tlu'ce 
different  forms  of  charcoal,  that  the  relative  absorbent  power  of 
each  was  as  follows : — 
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OHDMd. 

Wwid. 

p»t. 

ADiiul. 

Ammonia ^ 

Hydroohlorio  Add * 

SulpturvUed  Hjdrogea.. 
Sulphurous  Aobydride... 

CarWnio  Acid..      

Oxynen    

985 
450 
300 
31-5 
140 
0-8 

600 

38-5 
17-5 

10-0 

0-6 

435 
90 
175 

05 

la  these  experiments,  0*5  gramme  of  each  kind  of  charcoal 
was  employed,  and  the  numhers  in  the  table  indicate,  in  cuhic 
ceutimetrea,  the  quantity  of  each  gas  absorbed.  The  more  recent 
experiments  of  Hunter  and  Angus  Smith  conRnn  these  results. 

Charcoal  which  is  saturatedwithoncgas,  if  put  into  a  different 
gas,  gives  up  a  portion  of  that  which  it  had  iirst  absorbed,  and 
takes  up  in  its  place  a  quantity  of  the  second.  Finely  divided 
metallic  platinum  also  condenses  in  its  pores  a  large  quantity  of 
many  gases,  amounting  in  the  case  of  oxygen  to  very  many  times 
its  own  volume.  If  a  jet  of  hydrtageii  gas  be  allowed  to  fall  in  the 
open  air  upon  a  ball  of  spongy  platinum,  or  platinum  in  a  fine  state 
of  subdivision,  the  metal  becomes  incandescent ;  the  oxygen  and 
hydrogen  combine  rapidly  within  the  pores  of  the  metal,  and  the 
heat  given  out  usually  sets  fire  to  the  jet  of  hydrogen :  ether  and 
alcohol  when  dropped  upon  platinum  black,  another  still  more  finely 
divided  form  of  the  metal,  produce  a  similar  appearance  of  in- 
candescence. This  property  of  platinum  ia  turned  to  account  in 
effecting  many  important  chemical  changes. 

(66)  Deaiccalion  of  Gases. — It  frequently  happens  that  in  the 
course  of  his  operations,  the  chemist  requires  the  gases  which  are 
the. subjects  of  his  experiments  to  be  in  a  perfectly  dry  state. 
Gases  are  usually  prepared  in  contact  with  water,  and  hence  become 
charged  with  a  variable  quantity  of  aqueous  vapour,  and  whether 
it  be  desired  to  ascertain  their  specific  gravity,  or  to  submit  other 
bodies  to  their  chemical  influence,  it  becomes  necessary  to  remove 
this  moisturccom- 
*'^  pletely.     For  this 

purpose  the  pro- 
perty of  adhesion 
which  we  are 
now  considering  is 
turned  to  account. 
The  gas  to  be 
dried,  which  we 
will  suppose  to  be 
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in  the  act  of  formation  in  the  glass  bottle,  a,  fig.  38,  is  allowed  to 
pass  slowly  through  a  long  tube,  b,  filled  with  fragments  of  Aised 
potash,  or  of  chloride  of  calcium,  or  of  quicklime,  or  of  phosphoric 
anhydride,  or  of  pumice-stone  mois^ned  with  oil  of  vitriol,  accord- 
ing to  the  nature  of  the  gas.  The  bulb,  d,  may  contain  the  sub- 
stance upon  which  the  action  of  the  gas  is  to  be  exerted,  and  the 
gas  when  it  reaches  it  will  be  in  a  dry  state ;  since  all  the  bodies 
just  mentioned  possess  the  property  of  adhering  strongly  to  water 
and  aqaeons  vapour ;  some  of  them,  quicklime  and  phosphoric  an- 
hydride, for  example,  even  enter  into'  chemical  combination  with 
water,  and  if  allowed  a  suflScient  length  of  time,  will  remove  nearly 
every  trace  of  moisture  fix)m  the  gases  which  are  brought  into 
contact  with  them.  The  different  parts  of  the  apparatus  are  con- 
nected by  flexible  tubes  of  caoutchouc,  c  c. 

Diffusion  of  Gases, 

The  process  of  intermixture  in  gases,  and  the  motions  of  these 
bodies  have  been  even  more  completely  investigated  than  the  cor- 
responding processes  in  liquids.  The  movements  of  gases  may  be 
considered  under  four  heads;  viz., — 

1 .  Diffusion^  or  the  intermixture  of  one  gas  with  another. 

2.  Effusion^  or  the  escape  of  a  gas  through  a  minute  aperture 
in  a  thin  plate  into  a  vacuum. 

3.  TVanspiration,  or  the  passage  of  different  gases  through 
long  capillary  tubes  into  a  rarefied  atmosphere. 

4.  Osmosis,  or  the  passage  of  gases  through  diaphragms. 
(67)  Diffusion  of  Gases. — In  consequence  of  the  absence  of 

ccAesion  among  the  particles  of  which  gases  and  vapours  consist, 
mixture  takes  place  amongst  these  bodies  very  freely,  and  in  all 
proportions.  Very  great  differences  in  density  occur  amongst  the 
gases.  Chlorine  is,  for  instance,  nearly  36  times  as  heavy  as 
hydrogen,  the  lightest  of  the  gases,  so  that  there  is  about  three 
times  as  great  a  difference  between  the  relative  weights  of  these 
two  gases,  as  between  those  of  mercury  and  water.  But  the 
mingling  together  of  gaseous  bodies  of  different  densities  produces 
a  result  very  different  from  that  obtained  by  the  mingling  together 
of  two  liquids,  such  as  mercury  and  water ;  for,  if  these  liquids  be 
mixed  by  agitation,  they  separate  the  instant  that  the  agitation  is 
discontinued.  Chlorine  and  hydrogen,  on  the  other  hand,  when 
once  mixed,  never  separate,  however  long  they  may  remain  at 
rest.  Indeed,  if  the  gases  be  placed  in  two  distant  vessels  and  be 
allowed  to  communicate  only  by  means  of  a  long  tube,  the 
hydrogen  or  lightest  gas  being  placed  uppermost,  as  represented  at 
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B,  fig.  39,  the  heavier  chlorine  in  a  will,  in  the 
course  of  a  few  hours,  find  its  way  into  the 
dBi  upper  jar,  as  may  he  seen  by  its  green  colour, 

•  —     i  whilst  the  hydrogen  will  pass  downwards  into 

W  the  lover  one,  and  ultimately  the  gases  wiU 

be  equally  intermixed  throughout.  If  a  suffi- 
cient interval  of  time  be  allowed,  this  equal 
intermixture  occurs  with  all  gases  and  vapours 
which  do  not  act  chemically  upon  each  other ; 
and  when  once  such  a  mixture  has  been 
effected  it  contiDueB  to  be  permanent  and  uni- 
form. The  rapidity  with  which  this  diffunon 
occurs  varies  with  the  specific  gravity  of  the 
gases;  and,  contrary  to  what  a  superficial 
consideration  might  lead  ns  to  suppose,  the 
more  widely  the  two  gases  differ  in  density, 
the  more  rapid  is  the  process  of  intermixture. 
K  two  tall  narrow  jars  of  eqnal  diameter  he 
about  half  filled,  the  one  with  hydrogen,  the 
other  with  common  air  which  is  more  than  fourteen  times  as  heavy 
as  the  hydrogen,  so  that  the  water  in  both  shall  stand  at  the  same 
level,  and  a  small  quantity  of  ether  be  thrown  up  into  each  jar, 
the  ether  will  evaporate  in  both,  and  cause  in  each,  ultimately,  an 
equal  depression;  but  the  vapour  of  the  ether  will  dilate  the  hy- 
drogen at  first  much  more  rapidly  than  the  air,  for  its  vapour  will 
become  more  quickly  difl\ued  through  the  lighter  hydrt^n.  A 
very  simple  and  striking  iUustratiou  of  the  rapidity  with  which  a 
light  gas  becomes  difilused  into  a  heavier  one,  is  shown  as  follows : — 
Take  a  tube  lo  or  12  inches  long,  one  end  of  which  is  closed  with 
a  porous  plug  of  plaster  of  Paris 
that  has  been  allowed  to  become 
dry,  and  fill  it  with  hydrogen  gas, 
without  wetting  the  porous  plug : 
n  this  is  readily  effected  by  iutroduc- 
i  ing  the  shorter  limb  of  an  inverted 
I  syphon,  »,  into  the  jar  b,  fig.  40, 
I  till  it  reaches  the  top,  and  then 
lowering  the  jar  in  a  deep  vessel  of 
water,  A ;  when  the  air  has  escaped, 
the  open  limb  of  the  syphon  is 
I  closed  with  the  finger,  and  the  jar 
I  raised  until  the  sj^phon  can  be 
conveniently  withdravm  :    the  jar 
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ean  now  "be  filled  with  hydix^en  prepared  in  a  retort  in  the  usual 

manner.      If  the  jar  after  being  filled  with  hydrogen  be  supported 

flo  that  the  water  within  and  without  shall  stand  at  the  same 

levels  the  water  in  the  jar  will  immediately  begin  to  rise^  and  will 

continue  to  do  so  in  opposition  to  gravity,  until^  in  the  course  of 

three  or  four  minutes^  it  will  stand  some  inches  higher  than  the 

surface  of  the  water  in  the  outer  vessel^  in  consequence  of  the 

hydrogen    passing   out    through    the  pores  of  the  stucco,    and 

becoming  diffused  into  the  air  much  more  rapidly  than  the  air 

passes  in  and  becomes  diffused  through  the  hydrogen. 

Any  dry  porous  substance  may  be  substituted  for  the  plaster ; 
a  film  of  collodion  on  paper,  as  Mr,  Graham  has  informed  me, 
gives  excellent  results,  and  compressed  plumbago  is  still  better. 

By  means  of  this  simple  diffusion  tube,  taking  care  to  main- 
tain the  sarlace  of  the  water  within  and  without  the  jar  on  the 
same  level,  as  shown  at  b,  in  order  that  the  results  may  not  be 
interfered  with  by  the  disturbing  force  of  gravity,  Graham  has 
determined  the  law  which  regidates  the  rapidity  of  gaseous  diffii- 
sbn.  Experiments  so  made  show  that  the  diffusiveness  or  diffki- 
sum  volume  of  a  gas  is  in  the  inverse  proportion  of  the  square 
root  of  its  density ;  consequently  the  squares  of  the  times  of 
equal  diffusion  of  the  different  gases  are  in  the  ratio  of  their  spe- 
cific gravities.  Thus  the  density  of  air  being  i,  the  square  root 
of  that  density  is  i,  and  its  difl^ion  volume  is  also  i ;  the  den- 
sity of  hydrogen  is  0*0692,  the  square  root  of  that  density  is 
0*2632,  and  its  diffusion  volume  it.tttt  =  37994  j  ^^  ^  actual 
experiment  shows,  3*83 ;  that  is  to  say,  in  an  experiment  con- 
ducted with  due  precautions,  whilst  i  measure  of  air  is  passing  into 
the  diffusion  tube,  3*83  measures  of  hydrogen  are  passing  out  of  it. 
In  the  case  where  different  gases  arc  mixed  and  then  intro- 
duced into  the  diffusion  tube,  each  preserves  the  rate  of  diffusion 
peculiar  to  itself.  If,  for  instance,  hydrogen  and  carbonic  acid  be 
mixed  and  placed  in  the  diffusion  tube,  the  hydrogen  passes  out  with 
much  greater  rapidity  than  the  carbonic  acid :  a  partial  mechanical 
separation  of  two  gases  differing  in  density  may  thus  be  effected.'* 


*  In  particular  oases  advantage  may  be  taken  of  this  fact  in  the  analysis 
of  a  mixture  of  different  gases.  Suppose  it  be  desired  to  ascertain  whether  a 
certain  gas  be  a  mixture,  or  a  simple  gas — to  distinguish,  for  example,  marsh 
gas  (a  CE4)  from  a  mixture  of  equal  measures  of  hydrogen,  and  hydride  of 
ethyl  (H,-f  C^H,) — the  two  would  give  exactly  similar  amounts  of  carbonic 
acid  and  water  when  detonated  with  oxygen.  But  sup^e  that,  by  endio- 
metric  analysis  of  a  portion  of  the  mixture,  the  proportions  of  carbon  and 
hydrog^en  mive  been  determined,  if  a  portion  bo  submitted  to  diffusion,  and 
the  residue  be  again  analysed,  tiie  proportions  of  carbon  and  hydrogren  will 
ranain  unaltered  if  the  gas  consiBt  of  marsh  gas  only ;  whereas,  if  it  be  a 
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Since  all  gases  expand  equally  (134)  by  the  action  of  equal 
additions  of  heat,  their  relative  densities  are  preserved,  and  the 
relative  velocities  of  diffusion  are  therefore  preserved  also,  whatever 
the  temperature,  provided  that  both  gases  be  heated  equally.  The 
Tate  of  diffusion  of  equal  volumes  of  different  gases  becomes,  as 
we  might  expect,  accelerated  by  a  rise  of  temperature ;  for  by  heat 
all  gases  are  rendered  specifically  lighter ;  but  the  rate  of  difinsiou 
does  not  increase  so  rapidly  as  the  direct  expansion  of  gases  by 
heat.  Consequently  the  same  absolute  weight  of  any  gas  will  be 
diffused  more  rapidly  at  a  low  than  at  a  high  temperature. 

The  process  of  diffusion  is  one  which  is  continually  performing 
an  important  part  in  the  atmosphere  around  us.  Accumulations 
of  gases,  which  are  nnfit  for  the  support  of  animal  and  vegetable 
life,  are  by  its  means  silently  and  speedily  dispersed,  and  this 
process  thereby  contributes   lai^y  to  maintain  that  imifonnity 


mixture,  the  proportion  of  hydrogen  will  be  diminiBhed.  Pebal  hu  inf^eniongly 
applied  this  metnod  to  the  exuaiiution  of  the  question  irhether  the  vapoart 
of  certain   componods  wnich, 
Fio.  At.  like  hjdrochlorate  of  ammonia, 

yield  anomalooB  vapour  volumes 
are  not  really,  a*  CanniEzaro 
anppoHt,  miitnres  at  those  high 
temperatureB,  inatead  of  chemi- 
oal  componnds,  and  believes  that 
he  has  succeeded  in  demonstra- 
tinit  the  truth  of  this  hypo- 
thesis  {£i>ity'»  Annal,  eixiv, 
IQ9).  He  places  a  plug  of  amian- 
thus (c,  fig.  41),  on  which  aoiue 
Segments  of  sal- ammoniac  t^ 
are  inpported,  within  a  tube  C, 
drawnouttoaeapillaryeDd;  this 
tube  ii  Bupportea  in  a  wider  one 
D,  and  a  current  of  hvdrogen 
is  tranamitted  through  the  tubes 
aA,bS,  which  are  surrounded 
bj  a  charcoal  famace,by  which 
tnej  may  be  aufficientl;  heated 
to  volatilize  the  hydrochlorate 
of  ammonia.  The  vapours  of 
the  hjdrochlorate  being  formed 
in  the  inner  tube,  above  tb« 

plug   of   asbestoe,   ammoniaeal 

gas  diffases  through  the  plug 
into  the  hydrogen  in  the  tube  C,  and  may  be  demonstrated  by  causing  the 
issuing  gas  to  come  into  contact  with  the  reddened  litmus  paper  in  S;  while 
the  hydrogen  which  traverses  the  space  between  the  two  tubes  contaiua  the 
corresponding  hydrochloric  acid,  ana  reddena  blue  Utmns  in  A,  Hence  it  is 
evident  that  the  sal  ammonian  when  converted  into  vapour  becomes,  partially  at 
least,  dittoeiated,  as  Deville  calls  it,  into  ita  constituents,  ammonia  and  hydro- 
chloric acid,  Mnoetta  anmicaiiB,  which  is  the  more  diffusible,  passes  out 
tbrongh  thcjlMMHimmq^y  of  the  two. 
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in  the  compooition  of  the  aerial  oc«an  which  is  so  essential  to  the 
comfort  and  health  of  the  animal  creation.  Respiration  itself,  but 
fi>r  the  proceaa  of  diffiision,  would  fail  in  its  appointed  end,  of 
rapidly  renewing  to  the  lungs  a  fresh  supply  of  air,  in  place  of 
that  which  has  been  rendered  unfit  for  the  support  of  life  by  the 
chemical  changes  which  it  has  undergone. 

The  following  table  gives  the  specific  gravity  of  several  im- 
portant gases,  the  square  root  of  the  density,  or  ratio  of  the  times 
required  for  the  diffusion  of  equal  volumes,  if  the  time  for  air=  i, 
the  reciprocal  of  that  square  root,  or  calculated  diffusiveness  of 
the  gas,  and  the  actual  numbers  obtained  by  experiment,  when  the 
barometric  pressure  and  the  temperature  was  the  same  for  each 
gas. — (Graham,  PhU.  Mag.,  1833,  vol.  ii.  p.  ^$"3-) 


mffunon  and  Effusion  0/  Gasea. 

Ou. 

1    **"" 

, 

lutror 

•/a^^ij. 

SSsr--  :::  - 

006916    02631 

3  7994 

383 

3-6ii 

o-5i35 

7476 

^i\ 

I '344 

r323 

Steam       

7896 

Cwfoonic  Oxide      

0-967H 

9837 

0165 

I '0149 

10133 

KitrOfr«n 

oy7i3 

0147 

10143 

I '0164 

OlefiantGu    

0978 

98B9 

10191 

I-0138 

KitriflOnde 

'"039 

0.9S 

9tea 

Salphoretted  Hydrogen.! 

r:056 

0515 

0914 

^ 

9510 

9163 

0-9487 

::^3' 

0950 

Nitrons  Oxide        ..      ... 

«'5'7 

^3.'57 

809^ 

o'834 

Cu-boDie  Acid 

153901 

^6. 

8087 

0813 

o83i 

3-347        '■4!W^ 

06671 

o'68 

(68)  JEffutioB. — ^The  numbers  in  the  last  column  of  the  table 
headed  '  &ate  of  Effusion,'  are  the  results  obtained  1^  experiment 
upon  the  rapidity  with  which  the  different  gases  escape  into  a 
TacQiua  through  a  minute  aperture,  about  7^  of  an  inch  in  dia- 
meter, perforated  either  in  a  thin  sheet  of  metal  or  in  glass, 
(Graham,  PhU.  Traru.,  18415,  p.  574.)  It  is  evident  that  they 
coincide,  within  the  limits  of  experimental  errors,  with  the  rela- 
tive rates  of  diffusion  of  each  gas ;  and  that  the  velocities  with 
which  different  gases  pass  through  the  same  small  aperture  into  a 
ncaum,  are  inversely  as  the  square  roots  of  the  densities  of  the 
gases.  Tht  lightest  gas  enters  the  most  rapidly.  Change  in  the 
denail^  of  the  gas  has  but  little  influence  on  the  rate  of  effusion, 
the  rojnme  effused  in  a  given  time  being  nearly  uniform,  whatever 
the  amount  of  condensation  or  of  rarefaction. 

The  rate  of  the  efflux  of  liquids,  when  passing  through  an 
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aperture  in  a  Tery  thin  plate,  is  found  also  to  be  inversely  as  the 
square  roots  of  their  densities. 

(69)  Transpiraiion  of  Gases. — When  gases  are  transmitted 
through  fine  tubes,  a  result  very  different  trom  that  Aimished  by 
difFosion  is  obtained,  corresponding  with  the  effect  already  de- 
scribed in  the  case  of  liquids  which  are  allowed  to  escape  through 
fine  tubes.  A  series  of  experimeots  on  gases  and  vapours 
(Graham,  Phil.  Trans.,  1846,  and  1849,)  analogous  to  those  upon 
hquids  by  Foiseuille,  already  described  (63),  showed  that  the  rate 
of  efflux  for  each  gas,  or  the  velocity  of  transpiration  (as  Graham 
terms  this  passage  of  gas  through  long  capillary  tubes),  is  eutirely 
independent  of  its  rate  of  diffusion.  In  the  performance  of  these 
experiments,  the  gas  was  placed  over  water,  iu  a  graduated  jar, 
fig.  A,  41,  so  suspended  that  the  Uquid  in  the  jar  and  in  the  bath 


could  be  readily  kept  at  the  same  level.  The  gas  was  dried,  by 
paaeiug  it  throtigh  a  tube,  b,  filled  with  chloride  of  calcium,  and 
was  then  allowed  to  enter  through  a  long  fine  capillary  tube,  c, 
into  the  exhausted  receiver,  d,  of  the  air-pump,  which  was  some- 
times kept  vacuous  by  continued  pumping;  at  other  times,  the 
state  of  the  exhaustion  was  ascertained,  at  intervals,  by  means  of 
the  gauge,  a.  In  all  cases,  the  quantities  of  gas  that  entered  in 
a  given  time  were  careflilly  observed. 

It  is  necessary,  in  order  to  overcome  the  influence  of  effusion, 
and  to  furnish  uniform  results,  to  employ  a  certain  length  of  tube, 
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whicli  increases  with  the  diameter^  and  is  not  uniformly  the  same 
for  all  gases.  If  this  precaution  be  observed,  it  appears^  when 
the  g^ses  flow  through  capillary  tubes  into  a  vacuum — 

I.  That  the  rate  of  transpiration  for  the  same  gas  increases, 
cmteri9  paribus,  directly  as  the  pressure;  in  other  words,  equal 
▼olumes  of  air,  at  different  densities,  require  times  inversely  pro^ 
portioned  to  the  densities.  For  example,  a  pint  of  air  of  double 
tiie  density  of  the  atmosphere  will  pass  through  the  capillary  tube 
into  the  vacuum  in  half  the  time  that  would  be  required  for  a 
pint  of  air  of  its  natural  density.  This  is  a  very  remarkable  result, 
and  stamps  the  process  of  transpiration  with  a  character  quite 
unlike  that  of  difiusion  or  effusion.  2.  That  with  tubes  of  equal 
diameter,  the  volume  transpired  in  equal  times  is  inversely  as  the 
kngik  of  the  tube :  if  30  cubic  inches  were  transpired  through  a 
tube  10  feet  long,  in  five  minutes,  a  similar  tube,  20  feet  in 
kngth^  would  only  allow  the  passage  of  15  cubic  inches  in  the 
same  time.  3.  That  as  the  temperature  rises,  the  transpiration  of 
equal  volumes  becomes  slower.  4.  That  whether  the  tubes  were 
of  copper  or  of  glass,  or  whether  a  porous  mass  of  stucco  were 
nsed,  the  same  uniformity  in  the  results  was  obtained.  By  com- 
paring  together  different  gases  under  similar  circumstances,  the 
rate  of  transpiration,  or  rapidity  of  passage  into  a  vacuum  through 
a  cajnllaiy  tube,  was  found  to  vary  with  the  chemical  nature  of 
the  gas.  These  velocities  of  different  gases  bear  a  constant  rela- 
tion to  each  other,  totally  independent  of  their  densities,  or  indeed 
of  any  other  known  property  of  the  gases. 


TVanspirabilily  of  Gases. 


Omm. 

Times  for 
TnuupirsUon  of 
Eqiuu  VolimiM. 

Velocity  of 
Tnuispirfttioii. 

Oxygen       

I'OOOO 

10000 

J» ir         •••      *.•      •>•      •••      ••■      ••• 

0*9030 

1*1074 

{ Nitax>gen 

08768 

1*141 

<  Nitric  Oxide    

08764 

1*141 

(  Carbonic  Oxide       

0-8737 

1*144 

1  I^itrous  Oxide 

07493 

I '334 

<  Hydrochloric  Acid 

0-7363 

I  36 1 

/Carbonic  Acid 

0-7300 

1*369 

Uhlorine      

0-6664 

1*500 

SalphurouB  Anhydride     

0-6500 

1-538 
1-614 

Sulphuretted  Hydrogen   

0-6195 

Marsh  G^ 

0*5510 

1*815 

Ammonia    

051 15 

I '935 
1*976' 

1-980 

Cyanogen    

Olefiant  Gas       

05060 

0*5051 

Hydrogen   

0*4370 

3-388 
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Graham  considers^  that  it  is  most  probable  that  the  rate  of 
transpiration  is  the  r^ultant  of  a  kind  of  elasticity  depending  upon 
the  absolute  quantity  of  heat,  latent  as  well  as  sensible,  which 
different  gases  contain  under  the  same  volume ;  and  therefore  that 
it  will  be  found  to  be  connected  more  immediately  with  the  specific 
heat  than  with  any  other  property  of  gases. 

Of  all  the  gases  tried,  oxygen  has  the  slowest  rate  of  transpi- 
ration ;  and  hence  that  gas  may  be  conveniently  taken  as  the  stan- 
dard of  comparison  for  the  other  gases,  as  has  been  done  in  the 
preceding  table,  which  shows  the  relative  times  in  which  equal 
volumes  of  the  different  gases  are  transpired,  and  their  relative 
velocities,  which  are  of  course  inversely  as  the  times. 

A  mixture  consisting  of  equal  volumes  of  two  gases  which 
differ  in  their  rates  of  transpiration,  does  not  always  exhibit  a 
transpirability  which  is  the  mean  of  that  of  the  two  gases  when 
separate.  The  transpiration-time  of  hydrogen  is  greatly  prolonged 
by  admixture  with  oxygen ;  equal  volumes  of  these  two  gases  had 
a  rate  of  0*9008  instead  of  072,  which  would  be  the  mean  of 
the  two. 

In  the  following  table  the  transpirability  of  some  vapours  is 
given.  These  results,  however,  from  the  necessity  of  experimenting 
upon  the  bodies  in  a  state  of  mixture  with  some  permanent  gas, 
have  not  hitherto  been  determined  with  a  precision  equal  to  that 
attained  in  the  gases  above  enumerated : — 

TranspirabilUy  of  Vapours. 
(Times  required  for  equal  Tolumes.) 


Oxygen      I'oooo 

Bromine  (about) 1*0000 

Sulphuric  Anhydride    ...  i  'oooo 

Bisulphide  of  uarbon    ...  0*6195 

Chloride  of  Methyl       ...  0*5475 


Chloride  of  Ethyl         ...  0*4988 

Oxide  of  Methyl  ...  0*4826 

Hydrocyanic  Acid        ...  0*4600 

Euer 0*4400 


Some  very  simple  relations  in  the  transpirability  of  several  of 
the- foregoing  gases  may  be  observed.     Thus  it  has  been  found — 

1.  That  equal  weights  of  oxygen,  nitrogen,  air,  and  carbonic 
oxide  are  transpired  in  equal  times. 

2.  That  the  velocities  of  nitrogen,  nitric  oxide,  and  carbonic 
oxide  are  equal. 

3.  That  the  velocities  of  hydrochloric  acid,  carbonic  acid,  and 
nitrous  oxide  are  equal. 

4.  That  the  velocity  of  hydrogen  is  double  that  of  nitrogen,  of 
carbonic  oxide,  and  of  nitric  oxide. 

5.  That  the  velocities  of  chlorine  and  oxygen  are  as  3  :  2. 

6.  That  the  velocities  of  hydrogen  and  marsh  gas  are  as  5  : 4. 
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7.  That  olefiant  gas,  eyaaogen,  and  ammoaia  have  eacli  nearly 
double  the  veloci^  of  oxygen. 

8.  That  the  transpiration-time  of  hydrogen  is  the  eame  as  that 
of  the  Tapour  of  ether,  and  that  of  sulphuretted  hydrogen  is  the 
same  as  the  transpiration-time  of  the  vapour  of  bisulphide  of  carbon. 

Carbonic  oxide  and  nitrc^n  have  the  same  density  and  the 
same  rate  of  transpiration ;  bo  have  carbonic  acid  and  nitrous  oxide. 
The  rates  of  transpiration  of  atmospheric  air,  oxygen,  nitrogen, 
and  carbonic  oxide  are  likevise  in  direct  proportion  to  their  den< 
aitiea ;  but  these  seem  to  be  concurrences  rather  than  necessary 
coDseqacnces,  as  no  regular  connexion  betveen  the  transpiration- 
time  and  the  density  of  the  gas  can  be  traced. 

(70}  Passage  of  Gates  through  Diaphragms. — As  in  the  case  of 
the  diffusion  of  liquids  the  results  are  often  modified  by  the  em- 
ployment of  a  diaphragm,  and  the  introduction  of  the  disturbing 
force  of  adhesion  to  the  material  of  which  it  consists,  so  it  is  also 
in  respect  to  gases.  This  disturbance  of  the  law  of  diffusion  is 
especially  seen  in  the  case  of  soluble  gases,  when  the  diaphragm 
is  moist.  If  a  moist  thin  bladder,  or  a  rabbifs  stomach,  be  dis- 
tended  with  air,  and  suspended  in  a  jar  of  carbonic  acid  gas,  the 
carbonic  acid,  being  soluble  in  the  water  with  which  the  membrane 
is  wetted,  is  conveyed  through  its  pores  by  adhesion,  and  passes 
rapidly  into  the  inside :  the  air  in  the  interior  is  but  sparingly 
soluble,  and  is  transmitted  outwards  very  slowly;  the  carbonic 
acid,  consequently,  notwithstanding  its  lower  diffusive  power,  accu- 
mulates within,  and  at  length  often  bursts  the  bladder.  A  similar 
phenomenon,  arising  from  the  same  cause,  is  exhibited  on  placing 
a  jar  of  air,  the  mputh  of  which  is  covered  by  a  film  of  soapy 
water,  in  a  vessel  of  nitrous  oxide.  Where  the  diaphragm  does 
not  exert  this  solvent  power^  the  usual  law  of  diffusiveness  prevails. 
This  is  strikingly  exemplified  -^ 

by  taking  two  similar  small 
jars,  shown  at  a  and  a,  fig. 
43,  H  being  filled  with  hy- 
drogen, A  with  air,  and  tying 
a  sheet  of  caoutchouc  over  ' 
the  open  mouth  of  each. 
Over  the  one  containing  air 
invert  a  large  jar  fiill  of  hydrogen,  b';  leave  the  other  exposed  in 
a  jar  of  air,  a'  j  in  the  course  of  ten  days  or  a  fortnight  the  caoat- 
choac  over  the  jar  filled  with  air  will  have  become  convex  from  the 
cudosmoHis  of  the  hydrogen ;  over  the  other  it  will  have  become  con- 
cave from  its  exosmofiis ;  the  motion  of  the  hydrogen  in  both  cases 
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througli  the  caoutchouc  being  more  rapid  than  the  simultaneous 
passage  of  the  air  through  it  in  the  opposite  direction.  Caoutchouc 
has^  like  charcoal^  the  power  of  condensing  large  quantities  of  many 
gases  by  the  force  of  adhesion;  for  example,  it  rapidly  absorbs 
ammonia^  nitrous  oxide,  and  sulphurous  anhydride.  Indeed,  it 
is  impossible  to  employ  any  diaphragm  in  which  this  disturbing 
force  is  not  in  a  certain  degree  observable ;  even  with  plaster  of 
Paris  it  is  appreciable,  and  slightly  modifies  the  experimental  results 
of  diffusion  :*  where  condensation  occurs  in  the  membrane  to  a 
large  amount,  the  gas  is  frequently  reduced  in  bulk  as  much  as 
would  be  needed  for  its  liquefaction ;  it  then  evaporates  from  the 
opposite  surface  of  the  diaphragm  into  the  other  gas,  just  as  a  very 
volatile  liquid  would  do. 

The  phenomena  of  di£Eusion  in  gases  were  viewed  by  Dalton  as 
a  necessary  consequence  of  the  self-repulsive  property  of  the  par- 
ticles of  gaseous  bodies.  He  considered  that  each  gas  ultimately 
dilates  until  the  whole  space  through  which  the  diffusion  occurs  is 
filled  with  an  atmosphere  of  that  gas,  of  a  density  proportioned  to 
the  quantity  of  the  gas  present.  Observation  shows  that  each  gas 
becomes  diffused  through  a  limited  space  filled  with  any  other  gas, 
as  it  would  do  into  a  vacuimi,  the  other  gas  only  acting  mechani- 
cally to  retard  the  period  at  which  such  uniformity  of  diffusion  is 
attained. 

It  has  been  remarked  by  Graham,  that  if  this  view  were  true, 
there  should  be,  contrary  to  experience,  a  depression  of  temperature 
when  two  gases  become  intermixed.  It  does  not,  however,  appear 
that  this  is  a  necessary  consequence,  since  the  particles  of  each  gas 
may  merely  glide  amongst  those  of  the  other  kind,  as  the  particles 
of  water  do  amongst  those  of  sand,  the  self-repulsion  of  the  particles 
still  being  the  power  which  determines  the  process  of  diffusion. 

The  phenomena  of  the  diffusion  of  liquids  seem,  however,  to  be 
more  easily  reconciled  with  the  supposition  of  a  feeble  superficial 
attraction  between  the  particles  of  one  liquid  and  those  of  another, 
and  the  supposition  that  an  analogous  attraction  exists  between  the 
particles  of  one  gas  and  those  of  a  gas  of  different  nature  might 
sufficiently  account  for  the  process  of  intermixture  in  the  case  of 
elastic  fluids. 

It  is  to  be  borne  in  mind  that  in  the  intermixture  of  gases,  the 


*  Bonsen,  in  his  experiments  {Gasotneiry,  translation  bv  Boscoe,  pp.  198- 
^33)t  used  a  plug  of  gypsnm  from  half  an  inch  to  an  inon  in  thickness,  and 
the  results  showed  that  the  phenomena  of  transpiration  must  also  be  allowed 
for,  but  from  estimating  its  importance  nnduly,  he  was  led  to  question  the 
acouraoy  of  Graham's  law  of  diffusion,  which  is  no  doabt  correct. 
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diffusion  volume  has  no  necessary  relation  to  the  chemical  equiva- 
lent or  supposed  atomic  weight  of  the  body.  The  ratios  which 
have  been  observed  are  dependent  upon  the  relative  density  of  the 
gases  compared^  quite  irrespecthre  of  the  combining  proportion. 
In  liquids,  a  similar  want  of  connexion  between  the  chemical  equi- 
valents and  the  diflfusion  volume  is  observed ;  the  relation  in  this 
case  is  a  multiple  of  the  absolute  weight  diffused. 

(71)  Separation  of  Bodies  by  Cold  or  Heat. — It  often  happens^ 
where  adhesion  has  proceeded  so  far  as  to  produce  the  solution  of 
a  solid  in  a  liquid,  as  in  the  cases  just  considered,  that  the  chemist 
has  occasion  to  destroy  this  adhesion,  and  to  obtain  one  substance 
or  both  of  them  in  a  ^parate  form.  This  separation  is  generally 
effected  with  the  aid  of  heat.  Depression  of  temperature  will 
sometimes  cause  the  cohesion  of  the  particles  of  the  solid  to  acquire 
ihe  ascendancy  over  the  force  of  adhesion.  When,  for  example, 
brandy  is  exposed  to  intense  cold,  many  degrees  below  that  necessary 
to  freeze  water,  the  spirituous  portion  retains  its  liquid  form,  and 
separates  from  the  aqueous  part,  which  solidifies  as  ice.  An  in- 
stance of  this  sort  occurs  in  nature  on  a  vast  scale,  in  the  pure 
fresh- water  ice  which  is  formed  over  thousands  of  square  miles  of 
ocean  round  the  northern  and  the  southern  poles.  Indeed  water,  in 
the  act  of  freezing,  becomes  completely  separated  from  everything 
which  it  previously  held  in  solution.  It  is  owing  to  the  separation 
of  air  previously  dissolved  in  the  water,  that  ice  so  often  presents  a 
blebby,  honeycombed  appearance.  Faraday  has  shown  that,  even 
on  a  small  scale,  this  complete  separation  of  foreign  matters  from 
water  may  be  easily  effected  by  the  process  of  freezing : — If  sul- 
phiuric  acid,  or  a  strong  solution  of  indigo,  or  one  of  common  salt, 
be  mixed  with  90  or  100  times  its  bulk  of  water,  and  this  mixture 
be  placed  in  a  tube  of  about  an  inch  in  diameter,  and  immersed  in 
a  fi'eezing  mixture  (175),  at  the  same  time  that  the  separation  of 
the  foreign  matter  is  mechanically  facilitated  by  stirring  the  liquid 
round  and  round  briskly  and  constantly  with  a  feather,  the  sides 
of  the  tube  will,  in  a  few  minutes,  be  lined  with  a  coat  of  trans- 
parent, chemically  pure  ice,  all  the  foreign  matters  having  accumu- 
lated in  the  central  portion,  which  stiQ  remains  liquid. 

In  like  manner,  gases  may  be  in  a  great  measure  freed  fix)m 
eondensible  vapours  by  exposing  them  to  a  very  low  temperature. 
Air  saturated  with  moisture  may  be  rendered  nearly  dry  by  causing 
it  to  traverse  a  long  tube,  cooled  down  by  immersion  in  a  mixture 
of  ice  and  salt. 

Elevation  of  temperattire  is  Still  more  oft;en  resorted  to  for  the 
separation  of  bodies  in  solution :  when^  for  instance,  a  solution  of 
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common  salt  in  water  is  exposed  to  heat^  the  repulsive  power  of 
this  agent  overcomes  the  cohesion  of  the  water,  as  well  as  its  adhe- 
sion to  the  salt ;  the  water  assumes  the  aeriform  condition,  passes 
off  in  steam,  and  leaves  the  salt  behind  in  the  solid  state.  This 
process  is  termed  evaporation.  It  proceeds  rapidly  in  shallow, 
open  vessels,  in  which  case  the  liquid  escapes  into  the  air.  If  it 
be  necessary  to  preserve  the  solvent,  the  operation  is  conducted  in 
a  closed  vessel,  such  as  a  retort,  and  connected  with  a  suitable 
condensing  apparatus,  so  as  to  effect  a  distilkUion  of  the  liquid. 
The  same  process  may  be  applied  to  effect  a  partial  separation  of 
liquids  of  different  degrees  of  volatility,  and  spirit  of  wine  is  thus 
more  or  less  perfectly  separated  irom  water. 

§  IV.  Crystallization. 

(72)  Modes  of  procuring  Crystals. — It  might  be  anticipated 
that  when  cohesion  slowly  recovers  its  ascendancy,  this  force  would 
exert  itself  throughout  the  mass  equally  in  all  directions,  and  that 
a  globular  concretion  would  be  the  result,  as  when  oil  separates 
from  mixture  with  dilute  spirit  of  a  specific  gravity  precisely  equal 
to  its  own.  The  fact,  however,  is  quite  otherwise,  for  as  a  general 
rule  cohesion  is  not  exerted  equally  in  all  directions  in  solids.  In 
the  majority  of  instances,  where  solid  bodies  are  allowed  to  separate 
slowly  from  their  solutions,  they  are  found  to  assume  regular  geo- 
metrical forms.  Each  substance  has  its  own  peculiar  form.  Such 
regular  geometrical  solids  are  termed  crystals. 

By  these  differences  in  form,  the  materials  which  constitute  the 
crystallized  masses  may  often  be  distinguished  from  each  other. 
For  example,  common  salt  crystallizes  in  cubes,  alum  in  octohedra, 
saltpetre  or  nitre  in  six-sided  prisms,  Epsom  salts  in  four-sided 
prisms,  and  so  on.  The  more  slowly  and  regularly  the  process  is 
allowed  to  proceed,  the  larger  and  more  regular  are  the  crystals. 
The  usual  method  of  obtaining  crystals  is  to  form  a  strong  solution 
of  the  salt  in  hot  water,  for  most  bodies  are  more  freely  soluble  in 
water  when  it  is  at  an  elevated  temperature  than  when  cold;  as 
the  liquid  cools,  the  cohesion  of  the  salt  resumes  its  ascendancy, 
and  the  crystals  shoot  through  the  liquid :  in  this  way  crystals  of 
nitre  are  easUy  procured. 

It  is  not  necessary,  however,  that  the  liquefaction  should  in  all 
cases  take  place  through  the  intervention  of  an  indifferent  liquid 
such  as  water :  mere  frision  of  the  substance,  followed  by  slow 
cooling  so  as  to  allow  it  freely  to  obey  the  molecular  attraction,  is 
in  many  instances  suflScient  to  produce  crystals.  If  8  on  o  lb.  of 
sulphur  or  of  bismuth  be  fused  in  a  crucible^  and,  after  it  has 
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cooled  suflSciently  to  become  solid  upon  the  surface,  the  crust  be 

broken  through  and  the  yet  liquid  sulphur  or  bismuth  be  poured 

out,  the  inner  surface  of  the  solid  portion  will  be  found  to  be  lined 

with  prismatic  transparent  crystals  of  sulphur,  or  brilliant  hollow 

cubes  of  metallic  bismuth.  -p 

Water  on  solidifying  often 

shoots  into  beautiful  crystals, 

as  may  be  seen  in  the  forms 

of  snow  flakes,  fig.  44,  which 

fidl    during    a    hard    firost. 

The  forms  of  these  flakes  are 

all  derived  fix)m  the  six-sided 

plate.  No.  I ;   the  separate 

crystals  in  the  groups  2,  3,  4,  5,  6,  7,  8,  all  cross  each  other  at 

angles  of  60°  and  j  20°,  though  they  vary  in  the  complexity  of  their 

arrangement. 

In  the  bowels  of  the  earth,  temperatures  which  man  can  hardly 
attain  in  his  furnaces,  have  been  acting  for  ages ;  processes  of  cool- 
ing of  the  most  regular  and  gradual  kind  have  been  proceeding, 
and  a  great  variety  of  combinations  have  been  effected  under  the 
pressure  of  the  superincumbent  strata :  by  the  combined  operation 
of  these  causes  many  crystalline  substances  of  mineral  origin  have 
been  formed,  which  we  have  not  succeeded  in  imitating,  although 
a  closer  examination  of  the  slags  of  our  iron  furnaces  reveals  new 
artificial  formations  of  this  nature;  and  the  number  of  those 
combinations,  previously  unattained  by  art,  is  gradua^y  being 
diminished. 

Ebelmen  {Ann,  de  Chimie,  III.  xxii.  211)  succeeded  in  pro- 
ducing a  variety  of  artificially  crystallized  compounds,  which  were 
before  only  known  as  natural  minerals,  by  dissolving  their  con- 
stituents in  boracic  or  in  phosphoric  acid,  or  in  one  of  their  salts, 
and  then  subjecting  the  mixture  to  an  intense  and  long-sustained 
heat  in  a  furnace  used  for  baking  porcelain ;  the  acid,  or  other  com- 
pound employed  as  the  solvent,  was  thus  very  slowly  volatilized, 
and  various  crystals  were  obtained,  including  spinelle,  chrome  iron, 
emerald,  and  corundum  or  ruby.  Deville  and  Caron  {Comptes 
Rendus,  xlvi.  764)  have  extended  these  experiments.  They  in- 
troduced the  fluorides  of  certain  metals  into  a  crucible  lined  with 
charcoal,  and  containing  a  quantity  of  boracic  anhydride  supported 
in  a  small  cup  of  carbon.  The  cover  of  the  crucible  was  then 
carefully  luted  on,  and  the  whole  exposed  for  an  hour  or  two  to 
an  intense  white  heat.  Under  these  circimistances  the  metallic 
fluoride  and  the  boracic  anhydride  were  slowly  volatilized,  the 
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vapours  decomposed  each  other,  and  crystak  were  formed.  Ferric 
fluoride  when  thus  treated  yielded  magnetic  oxide  of  iron  in  octo- 
hedral  crystals.  Fluoride  of  zirconium  yielded  dendritic  crystals 
of  zirconia;  a  mixture  of  fluoride  of  aluminum  and  fluoride  of 
glucinum  furnished  chrysoberyl ;  fluoride  of  aluminum  mixed  with 
fluoride  of  zinc  yielded  crystals  of  gahnite ;  and,  by  the  use  of 
appropriate  mixtures,  st^urolite  and  other  crystallized  bodies 
previously  only  known  as  native  jpainerals  were  procured.  The 
success  that  has  attended  these  investigations  ofiers  every  induce- 
ment, to  those  who  havp  the  opportunity,  to  pursue  this  interesting 
subject. 

The  prdiojaged  action  of  prater  at  high  temperatures,  such  as 
can  only  be  obtained  under  pressure,  often  famishes  crystalline 
compounds  which  cannot  otherwise  be  procured.  Acting  upon  a 
knowledge  of  this  fact,  De  Senarmont,  by  operating  in  closed 
vessels  with  water  upon  various  compounds,  at  temperatures 
ranging  between  a66°  and  572°,  succeeded  in  obtaining  in  a  crys- 
tallized condition  the  principal  minerals  which  occur  in  metal- 
liferous veins,  including  quartz,  carbonates  of  iron,  manganese 
and  zinc,  sulphate  of  barium,  sulphide  of  antimony,  mispickel,  and 
red  silver  ore,  as  well  as  axihydrous  oxide  of  iron,  and  corundum. 
{Ann,  de  Chimie,  III.  xxxii.  129.) 

The  prolonged  action  of  water  at  moderate  temperatures  may 
often  also,  as  Daubree  has  shown,  cause  the  formation  of  compli- 
cated crystallized  minerals.  It  was  found  by  this  mineralogist 
that  the  zeolites  apophyllite,  chabasite,  and  harmotome,  have 
gradually  been  produced  in  the  concrete  laid  down  by  the  Romans 
around  the  channels  of  outflow,  at  the  hot  springs  of  Plombieres.* 
It  is  not  in  all  cases  necessary  that  liquefaction  should  take 
place  as  a  preliminary  to  crystallization :  the  deposition  of  a  solid 
from  the  gaseous  state  sometimes  occurs  in  crystalline  forms: 
iodine,  arsenious  anhydride,  sulphur,  iodide  of  mercury,  and  cam- 
phor, offer  illustrations  of  this  mode  of  crystallization. 

(73)  Separation  of  Salts  by  Crystallization. — The  process  of 
crystallization  from  solution  often  affords  a  means  of  separating 
two  salts  of  unequal  solubility,  the  crystalline  form  of  which  is 


*  This  concrete  rests  in  part  on  granite  and  in  part  on  alluvial  gravel. 
The  mineral  water  flows  out  at  a  temperature  ranging  between  140°  and 
160°  F.  It  is  very  dilute,  containing  not  more  than  0-3  per  1000  of  saline 
matters,  or  21  grains  per  gallon.  It  holds  in  solution  small  quantities  of 
silica,  and  salts  of  sodium,  potassium,  calcium,  and  aluminum.  These  sub- 
stances thus,  in  almost  infinitesimal  quantities,  penetrate  the  concrete  by  a 
very  slow  infiltration,  and  in  the  lapse  of  ages  have  altered  its  composition, 
and  deposited  regularly  crystallized  zeolitic  minerals. 
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different^  and  wliich  have  no  chemical  action  on  each  other: 
nitre  is  thus  purified  from  the  common  salt  which  always  occurs 
mixed  with  it.  This  process  is  very  generally  resorted  to  as  a 
means  of  purifying  salts  from  smaU  quantities  of  foreign  admix- 
tures^  which  may  be  soluble  in  water,  but  which  either  do  not 
crystalline,  or  if  they  crystallize,  do  not  do  so  in  dilute  solutions. 
Each  crystallization  diminishes  the  quantity  of  adhering  impurity, 
and  after  the  process  has  been  repeated  three  or  four  times,  dis- 
solving each  successive  crop  of  crystals  in  fr'esh  portions  of  pure 
water,  the  product  will  in  most  cases  be  free  from  impurity.  The 
Grystallization  of  sea  salt  from  sea  water  thus  separates  the  chlo- 
ride of  sodium  from  chloride  of  magnesium,  and  from  various 
other  salts  which  are  present  with  it  in  small  proportions :  a  single 
crystallization  gives  the  salt  suificiently  pure  for  commercial  pur- 
poses^ though  it  is  in  this  state  far  from  being  chemically  free 
from  the  bodies  which  accompany  it  in  the  waters  of  the  ocean. 
A  single  crystallization  of  many  salts,  however,  may  be  made  to 
furnish  the  salt  very  nearly  chemically  pure,  if  the  solution  be 
briskly  stirred  whilst  the  crystals  are  being  deposited.  The  salt  is 
thus  deposited  in  minute  detached  grains ;  and  if  these  are  placed 
to  drain,  and  washed  with  a  saturated  solution  of  the  pure  salt, 
as  is  practised  in  the  refining  of  nitre,  the  mother  liquor,  which 
retains  the  impurities  dissolved,  may  be  completely  washed  away ; 
but  if  the  crystals  be  allowed  to  be  deposited  slowly  and  to  acqidre 
a  large  volume,  the  mother  liquor  is  retained  between  the  layers 
of  each  crystal,  and  cannot  be  thoroughly  displaced  by  the  pure 
solution.  Bodies  which  possess  the  same  crystalline  form,  such 
as  sulphate  and  chromate  of  potassium,  cannot  thus  be  separated 
from  each  other  by  crystallization. 

(74)  Sudeten  Crystallization ;  Nuclei. — Where  the  forces  of  co- 
hesion and  adhesion  are  nearly  balanced,  as  in  saturated  solutions, 
very  slight  causes  may  occasion  the  cohesion  to  preponderate ;  and 
when  once  this  force  has  been  set  in  action,  its  influence  spreads 
rapidly  throughout  the  mass.  Water,  for  example,  in  a  still 
atmosphere,  may  be  cooled  8  or  10  degrees  below  the  freezing 
point,  and  yet  continue  liquid ;  but  the  slightest  vibration  of  the 
vessel  causes  sudden  crystallization  of  a  portion  of  the  liquid  into 
ice.  Sometimes  a  similar  effect  is  produced,  as  in  the  case  of 
Glauber's  salt,  by  the  sudden  admission  of  air  to  the  solution  of 
the  salt  saturated  at  a  high  temperature,  and  from  which  the  air 
has  been  expelled  by  boiling. 

Adhesion  to  a  solid  body  may  be  sufficient  to  disturb  the 
balance ;  thus,  the  dropping  in  of  a  similar  crystal,  the  insertion  of 
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a  thread,  or  of  a  wire,  or  of  a  piece  of  stick,  if  not  sufficient  to  cause 
sudden  crystallization,  will  generally  determine  the  spot  upon 
which  the  crystals  are  first  formed,  especially  if  the  foreign  body 
or  nucleus  be  rough  and  irregular  in  its  outline.  For  this  reason 
threads  are  stretched  across  the  vessels  in  which  the  pure  solution 
of  sugar  is  set  aside  to  crystallize  in  the  manufacture  of  sugar- 
candy  ;  so  also  wooden  rods  are  placed  in  solutions  of  acetate  of 
copper,  and  copper  wires  are  suspended  in  solutions  of  borax  in 
order  to  facilitate  the  crystallization  of  the  salt. 

(75)  Circumstances  which  modify  Crystalline  Form,  —  The 
volume  of  crystals  is  often  influenced  by  circumstances  apparently 
trivial.  Muddy  solutions  generally  yield  the  largest  crystals,  as 
is  well  seen  in  the  manufacturing  process  for  obtaining  citric  and 
tartaric  acids,  where  the  impure  acid  always  forms  the  finest 
crystals.  Occasionally  the  presence  of  a  substance  in  the  liquid 
which  does  not  crystallize  with  the  salt,  yet  modifies  the  form 
which  the  latter  assumes ;  urea,  for  instance,  occasions  the  depo- 
sition of  common  salt  in  octohedra  instead  of  its  usual  form  of  the 
cube.  It  was  also  found  by  Jaoobsen  {Pogg,  AnnaL,  cxiii.  498) 
that  chlorate  of  sodium,  which  crystallizes  ordinarily  in  cubes, 
could  be  obtained  at  pleasure  in  the  hemihedral  form  observed  by 
Marbach,  by  touching  one  of  the  regular  cubic  crystals  of  the  salt 
with  a  little  fat  or  wax,  and  replacing  it  in  the  mother  liquor.  A 
similar  modifying  influence  on  the  form  of  the  crystal  was  pro- 
duced by  the  addition  of  small  quantities  of  urea,  of  glycerin,  or 
of  crude  acid  tartrate  of  potassium  to  the  mother  liquor. 

The  investigations  of  Pasteur  {Ann.  de  Chimie,  III.  xlix.  5) 
have  thrown  an  interesting  light  upon  some  of  the  causes  which 
thus  operate  in  modifying  the  form  of  crystals.  The  crystals 
which  were  particularly  examined  by  him  were  those  of  bimalate 
of  ammonium,  and  of  formiate  of  strontium.  Bimalate  of  am- 
monium, when  it  is  deposited  in  the  cold  from  a  pure  saturated 
solution  of  the  salt,  crystallizes  in  the  form  shown  in  No.  i, 
fig.  45 — a  form  derived  from  a  right  prism  with  a  rhombic  base. 

Fig.  45- 
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Sometimes^  however^  the  crystals  exhibit  the  double  bevel  shown 
in  No.  2.  When  the  salt  is  deposited  from  a  solution  containing 
products  of  the  decomposition  of  the  bimalate  by  heat^  it  assumes 
a  hemihedral  modification^  similar  to  one  or  other  of  those  shown 
in  fig.  46.  The  bimalate  has  a  ready  cleavage  parallel  to  the 
sides  A  B  and  c  d  (fig.  45).  If  a  crystal  of  the  form  of  i  or  2  be 
broken  across,  as  in  fig.  47,  and  be  transferred  to  a  portion  of  pure 
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saturated  mother  liquor,  the  bevel  is  rapidly  restored :  it  makes 
its  appearance  first  along  the  edges  of  the  cleavage  plane,  x  t,  and 
the  growth  of  the  crystal  is  more  rapid  in  the  direction  perpen- 
dicular to  the  plane  of  cleavage  than  it  is  in  the  direction  parallel 
with  it.  If  the  crystal  be  cut  at  one  of  its  angles 
as  at  a,  fig.  48,  the  notch  becomes  rapidly  filled 
up,  as  shown  in  the  figure,  and  when  the  form 
of  the  crystal  is  restored,  its  growth  again  be- 
comes regular  in  all  directions. 

The  general  conclusion  to  which  these  ob- 
servations point,  is — that  when  a  broken  crystal 
is  replaced  in  its  mother  liquor,  it  continues  to 
increase  in  every  direction ;  but  that  its  growth  is  especially  active 
upon  the  broken  surfaces,  in  consequence  of  which  the  general 
outline  of  the  figure  is  restored  in  a  few  hours. 

If  a  hemihedral  crystal,  such  as  either  of  those  shown  in  fig.  4,6, 
be  placed  in  a  saturated  solution  of  the  pure  bimalate,  the  hemihe- 
dral faces  quickly  disappear,  as  the  artificial  injury  does.  On  the 
other  hand,  if  perfect  crystals  be  placed  in  a  mother  liquid  depo- 
siting hemihedral  crystals,  the  hemihedral  form  is  speedily  deve- 
loped upon  the  newly  introduced  crystals,  the  hemihedral  crystal 
growing  most  rapidly  in  the  direction  of  its  length,  a  b,  whilst 
the  regular  crystal  increases  most  rapidly  in  the  direction  of  its 
breadth,  a  c. 

In  reflecting  upon  this  last  observation,  it  occurred  to  Pasteur 
that  if  he  could  by  mechanical  means  compel  a  crystal  to  increase 
more  rapidly  in  length  than  in  breadth,  he  might  compel  a  pure 
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solution  to  deposit  hemihedral  crystak.  He  accordingly  pasted 
strips  of  tinfoil  over  the  sides  of  a  well-formed  crystal  of  the  bi- 
malate^  and  having  produced  cleavage  planes  at  the  two  ends  parallel 
to  A  B,  he  placed  it  in  a  pure  solution  of  the  bimalate;  on  the 
following  day  the  bevels  had  reappeared  along  the  broken  faces, 
and  each  of  the  four  solid  angles  of  the  crystal  exhibited  a  hemi- 
hedral face.  When  the  tinfoil  was  pasted  along  one  edge  only  of 
the  crystal,  the  hemihedral  faces  were  developed  on  that  side  only. 

(76)  Change  of  Volume  in  Crystallizing, — Some  change  of  bulk 
usually  occurs  at  the  moment  of  solidification ;  in  many  instances 
expansion  is  produced.  Ice,  for  example,  at  the  moment  of  con- 
gelation, increases  in  bulk  about  -fV^  and  expands  so  forcibly  as  to 
burst  the  vessel  in  which  it  is  contained.  Instances  of  this  occur 
during  severe  frosts  in  the  pipes  used  for  conveying  water.  This 
expansive  force  is  so  enormous  that  no  vessels  have  been  found 
suflSciently  strong  to  resist  it.  The  most  compact  ice  has  a  specific 
gravity  of  0*923 :  1000  parts  of  water  at  32°  become  dilated  on 
freezing  to  1083.*  It  is  owing  to  the  expansion  which  occurs  at 
the  moment  of  solidification  in  iron  and  Newton^s  ftisible  metal, 
that  they  answer  so  admirably  for  castings.  Other  solids,  however, 
present  equally  remarkable  instances  of  contraction,  of  which  mer- 
cury, lead,  and  gold  are  illustrations,  and  hence  the  unfitness  of  the 
two  metals  last  mentioned  for  the  purposes  of  casting  or  moulding. 

According  to  the  experiments  of  Kopp  {Liebig's  Annal.  xciii. 
129),  all  the  undermentioned  substances  contract  on  solidifying, 
and  their  expansion  at  the  moment  of  fusion  is  the  following : — 


100  Parts  of  Solid 

expand 

on  melting  at  °F. 

Phosphorus 

White  Wax 

Stearic  Acid. 

Sulphur 

3*43 
0*43 

II'O 

5*0 

Ill 
158 

Many  solids  expand  with  much  greater  rapidity  near  their 
melting  point  than  at  lower  temperatures ;  this  is  particularly  re- 
markable in  the  case  of  wax.  Kopp  also  finds  that  many  hydrated 
salts  expand  at  the  moment  of  fusion,  as  for  example : — 


100  Parts  of  Solid 

expand 

on  fusing 
at^T. 

Chloride  of  Calcium  ( CaCI,  -f  6  H ,  0)    

Phosphate  of  Sodium  (Na,HP04+  12  HjO)... 
Hyposulphite  of  Sodium  (Na,&Hj04+4  H3O) 

9*6 

5*1 
51 

84 

95 
"3 

*  Dufour  found,  as  the  result  of  33  careful  experiments,  that  the  density 
of  ice  varied  between  0-914  and  0*933,  with  a  mean  of  0*917. 
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A  similar  phenomenon  attends  the  melting  of  Rose's  fusible 
metal  (2  parts  of  bismuth^  i  part  of  tin^  and  i  of  lead),  which  on 
liquefying,  between  203®  and  208°,  expands  1*55  per  cent.  Iodine, 
bromine,  potassium,  sodium,  tin,  and  bismuth,  also  contract  at  the 
moment  of  solidification,  and  of  course  expand  on  liquefaction. 

(77)  Dissection  of  Crystalline  Masses. — ^An  interesting  proof 
of  the  influence  of  mass  upon  cohesion  is  sometimes  observed  in 
the  gradual  conversion  of  small  crystals  left  in  the  liquid  into 
larger  ones.  In  sulphate  of  nickel,  for  example,  slight  alternate 
elevations  and  depressions  of  temperature  cause  the  alternate  so- 
lution and  re-crystallization  of  part  of  the  salt ;  the  smaller  crystals, 
which  offer  the  largest  surfece  in  proportion  to  their  mass,  are 
most  readily  dissolved,  and  their  solution  crystallizes  again  upon 
the  surface  of  the  larger  ones,  which  thus  gradually  increase  in 
size,  whilst  the  small  ones  entirely  disappear. 

By  the  slow  action  of  solution,  crystalline  structure  may  often 
be  made  visible  where  no  trace  of  it  was  previously  apparent,  and  a 
kind  of  dissection  of  the  mass  is  thus  effected,  owing  to  the  more 
powerful  exertion  of  cohesion  in  certain  directions ;  these  directions 
vary  with  the  particular  crystalline  form  of  the  compound.  These 
phenomena  may  be  developed  in  a  striking  manner  upon  the  surface 
of  a  tin  plate,  by  gently  warming  the  plate,  and  washing  it  over 
while  hot  with  a  little  weak  acid;  the  crystalline  forms  thus  dis- 
played constitute,  when  the  surface  has  been  varnished,  the  orna- 
mented tin-plate  termed  moirSe  mitallique,  A  bar  of  nickel  placed 
in  dilute  nitric  acid,  becomes  covered  with  tetrahedra,  from  the 
solution  of  the  intervening  uncrystallized  portions  of  the  metal ; 
and  the  fibrous  structure,  of  the  better  kinds  of  iron  may  be 
strikingly  exhibited  by  a  similar  treatment  of  the  mass.  Salts 
may  be  made  to  show  the  same  kind  of  structure  without  having 
recourse  to  chemical  solvents.  A  shapeless  block  of  alum,  when 
placed  in  a  nearly  saturated  solution  of  the  salt,  becomes  gradually 
embossed  with  portions  of  octohedra,  so  that  its  true  crystalline 
structure  is  revealed  to  the  eye.  In  all  these  cases  the  action  of 
the  solvent  must  be  very  weak,  otherwise  the  force  of  adhesion  will 
act  too  uniformly :  the  more  slowly  the  solution  takes  place,  the 
more  clearly  is  this  difference  in  the  amount  of  cohesion  in  different 
directions  of  the  solid  manifested. — (Daniell,  Quart.Joum.  of  Science j 
i.  24,  and  Roy.  Inst,  Jotim,  i.  i.) 

A  remarkable  molecular  change  sometimes  takes  place  in  bodies 
without  their  undergoing  any  alteration  from  the  solid  to  the  liquid 
state.  Brass  and  silver,  for  example,  when  first  cast  or  wrought^ 
possess  considerable  toughness,  and  have  no  apparent  crystalline 

i2 
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structure ;  by  repeated  heatings  and  coolings^  however,  they  often 
become  so  brittle  as  to  snap  off  upon  the  application  of  a  very  slight 
degree  of  force,  and  the  surfiax^e  of  the  fracture  then  exhibits  a  dis- 
tinctly crystallized  appearance.  In  the  same  way  it  is  found  that 
constant  vibration,  such  as  that  to  which  the  iron  shafts  of  ma- 
chinery  and  the  asles  of  railway  carriages  are  subjected,  gradually 
destroys  the  fibrous  character  to  which  the  iron  is  chiefly  indebted 
for  its  toughness,  and  renders  it  crystalline  and  brittle.  A  similar 
change  sometimes  occurs  in  crystallized  bodies :  in  this  way  trans- 
parent prismatic  crystals  of  sulphate  of  nickel  or  of  seleniate  of 
zinc,  when  exposed  for  a  few  minutes  to  the  sun's  rays,  become 
opaque ;  they  retain  their  form  until  touched,  and  then  crumble 
down  into  a  granular  powder  composed  of  octohedral  particles.  A 
somewhat  similar  alteration  occurs  in  barley  sugar,  which,  when  first 
made  from  melted  sugar,  is  vitreous  and  transparent ;  but  it  gra- 
dually becomes  crystalline,  opaque,  and  brittle. 

(78)  Structure  of  Crystals :  Cleavage. — By  the  careftd  applica- 
tion of  mechanical  force,  crystalline  form  may  be  often  revealed 
in  a  body  which  at  first  appears  as  a  shapeless  mass.  If  to  an 
irregular  fragment  of  Iceland  spar,  for  example,  we  apply  the  edge 
of  a  knife,  and  tap  it  gently  on  the  back  with  a  hammer,  we  shall 
find  that  in  certain  positions  the  spar  splits  readily,  leaving  smooth 
surfaces,  and  that  having  once  obtained  such  a  surface,  we  may  go 
on  splitting  the  mineral  in  layers  parallel  to  this  surface.  Upon 
applying  the  knife  to  the  surface  of  a  layer  so  detached,  we  find 
that  this  again  admits  of  cleavage  in  two  directions,  so  that  ulti- 
mately a  rhombohedral  crystal  is  obtained  from  the  spar.  Some 
bodies  admit  of  cleavage  with  much  greater  facility  than  others ; 
and  very  often  cleavage  occurs  more  readily  in  the  direction  of 
one  of  the  planes  than  in  that  of  the  others.  Sdenite,  one  of  the 
forms  of  sulphate  of  calcium,  has  three  cleavages,  but  one  of  these 
is  much  more  easily  effected  than  the  others ;  hence  the  mineral 
is  readily  split  into  laminae. 

j,j^  The    flat    surfaces 

2  3  developed  by  cleavage 

are  termed  the  faces  or 
planes  of  a  crystal 
(such  as  pp,  fig.  49,  i). 
The  lines,  e  c,  formed 
by  the  junction  of  two 
of  these  planes  are  its 
edges;  the  junction  of  two  edges  forms  t^  plane  angle ;  and  the  point, 
a,  at  which  three  or  more  planes  meet^  constitutes  a  solid  angk. 
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These  plana  are  s^d  to  be  Hmilar,  when  their  corresponding  edges 
are  proportional,  and  their  correspoudiog  angles  eqnal.  Edget  are 
fitmlar,  when  they  are  produced  hy  the  meeting  of  planes  respec- 
tively aimilEir,  at  equal  angles;  and  armies  are  timilar,  Then  they 
are  eqnal,  and  are  contained  within  edges  respeatively  similar. 
Sometimes  it  happens  that  the  crystal  is  bounded  in  all  directions 
hy  perfectly  equal  and  similar  faces,  as  is  seen  in  the  cube,  octo- 
hedron,  and  rhombohedron.  Such  forms  are  distin- 
gnished  as  aimple  forma ;  whilst  those  forms  resulting 
fixim  the  combination  of  two  or  more  simple  ones  are 
termed  compound,  or  secondary  forms.  A  crystal  of 
quarts,  consisting  of  a  six-sided  prism,  terminated  by 
two  six-sided  pyramids  (fig.  50),  is  a  compound  form. 
In  fig.  49,  3,  is  a  compound  form,  the  twelve  edges 
of  the  octohedron  d  d  d,  being  replaced  by  faces  of 
the  rhombic  dodecahedron. 

Although  each  substance  has  its  own  peculiar 
crystalline  form,  as,  for  example,  alum  the  octohedron,  common 
salt  the  cube,  carbonate  of  calcium  the  rhombohedron,  it  frequently 
happens  that  the  regularity  of  the  crystalline  form  is  interfered 
with.  Extra  faces  are  often  formed  by  the  replacement  of  an 
edge,  or  the  truncation  of  an  an^e.  If  the  twelve  solid  edges  of 
the  octohedron  were  removed,  a  form  intennediate  between  the 
octohedron  and  the  rhombic  dodecahedron  would  be  the  result, 
snch  as  is  seen  in  fig.  49,  a.  If  the  four  solid  angles  of  the  tetra^ 
hedron  were  removed,  a  form  intermediate  between  the  tetrahedron 
and  the  octohedron  would  be  obtained  (fig.  49,  3.) 

In  the  discovery  of  the  simple  form  of  crystals,  the  process  of 
cleavage  jnst  alluded  to  is  most  valuable ;  and  by  its  means,  se- 
condary forms,  which  at  first  sight  present  no  resemblance  to  the 
original,  may  be  readily  traced  to  it.  A  striking 
instance  of  this  kind  is  afforded  by  the  cleavage  of 
the  sis-sided  prism  of  calcareous  spar.  By  cleavage, 
the  three  alternate  edges  of  the  base  may  be  re-  / 
moved,  and  three  faces  produced,  as  at  r  r,  fig.  ji, 
whilst  a  cleavage  similar  to  that  of  the  base  may 
be  efiected  upon  the  opposite  extremity  of  the  prism, 
except  that  the  edges  corresponding  to  those  that  ' 
bef<»e  resisted,  now  yield,  and  that  those  which  at 
the  base  yielded  to  cleavage  now  remain  entire. 
The  obtuse  rhombohedron  is  thus  obtained  by  pur- 
suing the  dissection,  as  shown  in  fig.  51. 

(79)  Goniometers. — Since  the  number  of  ge&> 
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metrical  solids  is  limited,  whilst  the  number  of  crystallized  bodies 
is  very  great,  it  necessarily  happens  that  several  different  substances 
possess  the  same  crystalline  form,  and  the  only  difference  observ  able 
between  them  consists  in  the  different  inclination  of  the  planes  to 
each  other ;  or,  what  is  the  same  thing,  in  variations  of  the  angles 

of  the  crystal.     In  order  to  de- 
^^^-  5^-  tect  this  difference,  the  crystal- 

lographer  requires  instnmients 
for  measuring  these  angles. 
Such  instruments  are  termed 
goniometers  (from  yijjvia  an 
angle).  Of  these  the  simplest 
consists  of  a  pair  of  double  com- 
passes, the  pivot  of  which  coin- 
cides with  the  centre  of  a  gi'a- 
duated  semicircle ;  one  limb  is 
fixed,  forming  the  diameter  of  the  semicircle,  the  other  is  move- 
able on  the  pivot,  and  crosses  the  fixed  limb  at  its  centre,  as 
shown  in  fig.  52.  The  external  limbs  of  the  compasses  are  pressed 
against  the  two  planes  of  the  crystal  the  inclination  of  which  is 
to  be  measured,  so  that  they  shall  accurately  touch  those  planes  in 
directions  perpendicular  to  the  edge  at  which  they  meet ;  and  the 
alternate  and  opposite  angle,  which  of  course  coincides  with  that 
of  the  crystal,  is  read  off  in  the  degrees  of  the  graduated  arc. 


Fig.  53. 


(80)  Reflecting  Goniometer.  —  A 
far  more  elegant  and  accurate  instru- 
ment is  the  reflecting  goniometer  of 
WoUaston,  fig.  54.  The  principle 
upon  which  it  acts  may  be  thus  ex- 
plained : — Let  abed  (fig.  53),  repre- 
sent a  section  of  the  crystal  to  be 
measured.  A  ray  of  light,  i  r,  re- 
flected as  at  r  «,  from  the  surface  of  the  crystal,  forms  the  radius 
of  the  arc  which  is  to  be  measured.  One  plane,  a  b,  of  the  crystal, 
is  brought  into  a  fixed  position  with  regard  to  the  graduated  circle, 
and  the  inclination  of  the  two  planes  a  b,b  c  is  ascertained  by 
measuring  the  arc  which  the  graduated  limb  of  the  instrument 
describes,  in  order  to  bring  the  second  plane,  b  c,  of  the  crystal 
into  the  same  position  as  the  first,  a  b.  The  supplement,  a  be,  of 
this  arc,  e  c,  measures  the  inclination  of  the  two  planes.  The 
angle  may,  however,  be  read  off  at  once,  by  attending  to  the  fol- 
lowing instructions : — 

The  instrument  (fig.  54)  consists  of  a  brass  disk,  a  b,  sup- 
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ported  iu  a  vertical  plane,  and  Fi'>-  54- 

graduated  on  its  outer  edge  to 
half   degrees.     Bj  means  of   a 
milled  head,  d,  this  disk  may  be 
turned  rouod  in  its  own  plane ;   , 
the  angle  through  which  it  has  ""^^Sj?^  J 
teen  mode  to  turn  is  read  off  by  ST^       1 

a  vernier,  c,  which  is  permanently 
fixed.  The  aiis,  /,  of  the  gradu- 
ated circle  is  pierced  by  a  second 
axis,  attached  to  the  milled  head, 
e,  which  is  intended  to  give  rota- 
tion to  the  parts  supporting  the 
crystal,  independently,  when  ne- 
cessary, of  the  moTements  of  the 
graduated  circle,  a  b. 

"  To  use  the  goniometer,  it  should  first  be  placed  on  a  pyra- 
midal stand,  and  the  stand  on  a  small  steady  table,  placed  about 
six  to  ten  or  twelve  feet  &om  aflat  window.  The  graduated  cir- 
cular plate,  a  b,  should  stand  accurately  perpendicular  from  the 
window,  the  pin,  h  i,  being  horizontal,  with  the  slit  end,  i,  nearest 
the  eye.  Place  the  crystal  which  is  to  be  measured,  on  the  table, 
resting  on  one  of  the  planes  whose  inclination  is  required,  and 
with  the  edge  at  which  those  planes  meet  the  farthest  &om  you, 
and  parallel  to  the  window  in  your  front.  Attach  a  portion  of 
wax  to  one  side  of  the  small  brass  plate,  g ;  lay  the  plate  on  the 
table  with  one  edge  parallel  to  the  window,  the  side  to  which  the 
wax  is  attached  being  uppermost,  and  press  the  end  of  the  wax 
against  the  crystal,  it,  till  it  adheres ;  then  lift  the  plate,  with  its 
attached  crystal,  and  place  it  in  the  elit  of  the  pin,  A  t,  with  that 
side  uppermost  which  rested  on  the  table. 

"  Bring  the  eye  now  so  near  the  crystal,  as,  without  per- 
ceiving the  ciystal  itself,  to  permit  your  observing  distinctly  the 
images  of  objects  reflected  from  its  planes  j  and  raise  or  lower 
tliat  end  of  the  pin  which  has  the  small  circular  plate,  h,  attached 
to  it,  until  one  of  the  horizontal  upper  bars,  m,  of  the  window  is 
seen  reflected  from  the  upper  or  first  plane  of  the  crystal,  and  till 
the  image  of  the  bar,  n,  is  brought  nearly  to  coincide  with  some 
line,  /,  below  the  window;  as  the  edge  of  the  skirting-board  where 
it  joins  the  floor.  Turn  the  pin,  h  t,  on  its  own  axis,  if  ne- 
cessary, until  the  reflected  image  of  the  bar  of  the  window  coin- 
cides  accurately  with  the  observed  line  below  the  window.  Turn 
now  the  small  circular  plate,  e,  on  its  axis,  and  &om  youj  until 
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you  observe  the  same  bar  of  the  window  reflected  from  the  second 
plane  of  the  crystal^  and  nearly  coincident  with  the  line  below ; 
and  havings  in  adjusting  the  first  plane^  turned  the  pin  on  its  axis 
to  bring  the  reflected  image  of  the  bar  of  the  window  to  coincide 
accurately  with  the  line  below, -now  move  the  lower  end  of  that 
pin  laterally  either  towards  or  from  the  instnmient,  in  order  to 
make  the  image  of  the  same  bar  reflected  from  the  second  plane 
coincide  with  the  same  line  below. 

"  Having  assured  yourself,  by  looking  repeatedly  at  both 
planes,  that  the  image  of  the  horizontal  bar  reflected  successively 
from  each,  coincides  with  the  same  line  below,  the  crystal  may  be 
considered  as  adjusted  for  measurement.  Let  the  i8o^  on  the 
graduated  circle  be  now  brought  opposite  the  o°  of  the  vernier,  by 
turning  the  middle  plate,  d,  and  while  the  circle  is  maintained 
accurately  in  this  position,  bring  the  reflected  image,  n,  of  the 
bar,  t»,  from  the  first  plane,  to  coincide  with  the  line,  /,  below,  by 
turning  the  small  circular  plate,  e.  Now  turn  the  graduated 
circle  from  you,  by  means  of  the  middle  plate,  d,  until  the  image 
of  the  bar  reflected  frt>m  the  second  plane  is  also  observed  to 
coincide  with  the  same  line.''  (Brooke's  Crystallography,  p.  30.) 
In  this  position,  the  reading  of  the  vernier  gives  at  once  the  in- 
clination of  the  two  planes  to  each  other.  It  is  almost  super- 
fluous to  remark,  that  the  reflecting  goniometer  can  only  be  ap- 
plied in  cases  in  which  the  surfaces  of  the  crystal  have  sufficient 
polish  and  brilliancy  to  reflect  the  image  of  the  line  by  means  of 
which  the  angle  is  read  ofi^. 

(81)  Symmetry  of  Crystalline  Form, — The  study  of  the  geo- 
metrical relations  of  different  crystalline  forms  to  each  other  be- 
longs to  the  science  of  crystallc^raphy.  It  will  be  sufficient  for 
the  present  purpose  to  indicate  the  general  principle  upon  which 
the  claasification  of  crystals  is  founded.  This  principle  is  the 
symmetrical  arrangement  upon  which  every  crystaUine  form  is 
constructed.  Symmetry,  or  a  complex  uniformity  of  configuration 
(that  is,  similarity  in  the  arrangement  of  two  or  more  corre- 
sponding forms  round  a  common  centre),  is  the  general  law  of 
creation,  both  in  the  vegetable  and  atiimal  kingdoms.  It  is  exhi- 
bited in  the  correspondence  in  external  form  of  the  right  and  left 
side  of  the  body  in  animals,  in  the  similar  arrangement  of  the  leaf 
on  either  side  of  its  midrib,  in  the  two  lobes  of  the  dicotyledonous 
seed,  and  indeed  it  attracts  the  notice  of  every  observer  in  num- 
berless cases.  The  same  law  holds  good  still  more  rigidly,  though 
not  so  obviously,  in  the  constitution  of  every  crystal.     If  one  of 
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the  primary  planes  or  axes  of  a  crystal  be  modified  in  any  manner 
by  molecular  forces  acting  within  the  liquid  or  the  crystal,  all  the 
symmetrical  planes  must  be  modified  in  the  same  manner. 

The  imaginary  line  which  thus  governs  the  figure,  and  about 
which  all  the  parts  are  similarly  disposed,  and  with  reference  to 
which  they  correspond  exactly,  is  termed  the  cutis  of  symmetry  in 
a  crystal.  If  a  rhombohedron  of  Iceland  spar  be  held  with  one 
of  its  obtuse  angles  uppermost,  the  vertical  line  which  joins  that 
angle  to  the  opposite  obtuse  angle  is  the  axis  of  symmetry  of  the 
crystal.  Each  extremity  of  the  axis  is  formed  by  the  meeting  of 
three  planes,  each  similar  to  the  others,  and  all  inclined  to  the 
axis  at  an  equal  angle.  If  any  internal  molecular  force  produce 
the  replacement  of  any  of  the  edges  of  one  of  those  faces,  the 
same  cause  must  act  with  similar  intensity  upon  the  corresponding 
edge  of  the  other  faces,  and  produce  a  corresponding  modification. 
The  variation  thus  introduced  into  the  form  of  the  crystal  has  a 
symmetrical  character ;  and  the  alteration,  which  is  experienced  by 
each  of  the  three  divisions  of  which  the  crystal  consists,  is  conse- 
quently similar  in  each  case. 

There  are,  however,  crystals  that  possess  more  than  one  axis 
of  symmetry ;  and  an  arrangement  of  crystalline  form,  first  pro- 
posed by  Weiss,  and  which  is  now  universally  adopted,  is  based 
upon  the  relation  which  these  axes  bear  to  each  other.  These 
axes,  it  must  be  remembered,  are  imaginary  lines,  which  connect 
the  opposite  angles  or  faces  of  a  crystal,  and  all  of  them  intersect 
each  other  in  the  centre  of  the  figure.  In  the  regular  system,  to 
which  the  cube,  the  regular  octohedron,  and  rhombic  dodecahedron 
belong,  there  are  three  axes,  which  are  all  equal,  and  cross  each  other 
in  the  centre  of  the  crystal  at  right  angles.  If  one  of  the  faces  or 
edges  upon  any  of  these  equal  axes  be  modified,  not  only  are  all  the 
faces  or  edges  upon  that  axis  similarly  modified,  but  all  the  faces 
and  edges  of  the  entire  crystal  experience  a  similar  modification ; 
since  the  symmetry  of  all  the  axes  is  alike,  and  the  molecular  modi- 
fying force  acts  equally  upon  all.  But  this  rule,  though  of  very 
general  application,  is  not  without  exception.  If,  for  instance,  a 
crystal  rest  upon  one  face  during  its  formation,  the  mechanical 
obstacle  to  its  symmetrical  development  is  frequently  the  cause  of 
considerable  interference  with  the  regular  growth  in  this  direction, 
but  this  interference  does  not  operate  upon  the  upper  and  exposed 
faces.  This  interference  of  causes  external  to  the  crystal  is  very 
generally  observed  in  crystalline  masses  artificially  obtained  (75). 
The  crystals  of  which  the  mass  is  composed  cross  each  other  in  all 
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directions,  and  form  a  confiised  structure,  from  the  surface  of  which 
project  isolated  crystals,  one  extremity  only  of  which  is  developed 
regularly. 

Some  crystals  assume  forms  termed  pseudomorphous  (from 
\ptvSog  a  falsehood,  fiop^ri  form) ;  that  is  to  say,  they  exhibit  forms 
which  are  not  truly  related  to  their  own  crystalline  system.  Such 
pseudomorphous  crystals  are  formed  by  deposition  in  cavities 
pre\dously  occupied  by  crystals  of  a  different  nature,  but  which 
have  been  slowly  dissolved  out  of  the  mass  in  which  they  were  in- 
cluded, leaving  spaces  corresponding  to  their  form ;  and  during  the 
process  of  the  solution  of  the  original  crystal,  or  after  its  comple- 
tion, the  new  compound  has  gradually  taken  the  place,  and  adapted 
itself  to  the  form,  of  the  crystal  which  has  undergone  removal. 

(82)  Classification  of  Crystals. — Crystals  are  subdivided  into 
six  classes  or  systems,  founded  upon  the  relation  of  their  axes  of 
symmetry  to  each  other.  These  relations  exert  an  influence  not 
only  upon  the  geometrical  connexion  of  the  forms  of  crystals,  but 
also  upon  their  optical  and  physical  properties.  It  is  necessary  in 
studying  crystalline  forms,  the  relations  of  which  are  often  very 
complicated,  always  to  place  the  crystal  in  a  definite  position.  It 
will  be  found  most  convenient  to  place  the  principal  axis  in  a  ver- 
tical direction.  The  observance  of  this  rule  greatly  facilitates  the 
comparison  of  the  compound  with  the  simple  forms. 

The  six  classes  into  which  crystals  are  subdivided  are  the  fol- 
lowing:— 1st,  the  Regular  or  Tessular  system;  2nd,  the  Right 
square  prismatic,  or  pyramidal ;  3rd,  the  Rhombohedral ;  4th,  the 
Prismatic ;  5th,  the  Oblique ;  6th,  the  Doubly  oblique. 

I.  The  Regular,  or  Tessular,  or  Cubic  System,  is  characterized 
by  three  equal  axes,  a  a,  a  a,  a  a,  figures  55,  56,  57,  around  which 
the  crystals  are  symmetrically  arranged ;  they  cross  each  other  at 
right  angles.  Crystals  belonging  to  this  system  expand  equally  in 
all  directions  when  heated,  and  refract  light  simply.  The  most 
important  varieties  of  simple  forms  are  the  cube,  as  shown  in  fluor 
spar,  common  salt,  and  iron  pyrites  (fig.  55,  i) ;  the  octohedron 
(fig.  55,  5),  exemplified  by  alum  and  magnetic  iron  ore;  the 
tetrahedron  (fig.  57,  3),  sometimes  seen  in  copper ;  and  the 
rhombic  dodecahedron  (fig.  ^6, 3),  as  in  the  garnet  and  sulphide  of 
cobalt.  Upon  the  geometrical  relations  of  these  forms,  a  single 
instance,  showing  one  of  the  simplest  cases  of  such  a  connexion, 
will  suflSce : — 

From  the  cube  may  readily  be  deduced  the  three  other  allied 
forms  of  the  regular  system.  By  truncating  each  of  the  eight  solid 
angles  by  planes  equally  inclined  to  the  three  adjacent  fiewjcs  of  the 
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cube,  we  obtain  the  octahedron,  in  which  the  thiee  axes  of  the  cube 
terminate  in  the  six  solid  angles  of  the  figure,  one  of  which  con> 
sequentl;  corresponds  to  the  centre  of  each  side  of  the  cube.    (See 
^S-  55-)     ^^  ^^  marked  o  are  those  of  the  octobcdron. 
Fio.  55. 


FaMOKB  of  the  Cube  to  the  Octohedron. 
B7  replacing  each  of  the  twelve  edges,  d  d  d,  o!  the  cube,  we 
arrive  at  last  at  the  rhombic  dodecahedron.      (Fig.  56.) 
Fio.  56. 


FuBoge  of  the  Cabe  to  the  Dodecahedron. 
By  truncating  the  alternate  angles,  I  I,  wo  obtain  the  tetrahe- 
dron, as  shown  in  fig.  57. 

Fio-  57- 
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Faiaage  of  the  Cabe  to  the  Tetrnhedron. 


Fia.  58. 
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ffomoAedral,  or  Holohedral  formB,  are  those  which,  like  the 
cabe  and  oetohedron,  possess  the  highest  degree  of  symmetry  of 
which  the  system  admits,  HemihedraX  formsj  on  the  other  hand, 
are  those  which  may  be  derived  fi?om  a  holohedral  form,  as  the 
tetrahedron  is  from  the  octohedron  (fig.  49},  or  from  the  cube 
(fig.  57),  by  supposing  half  the  faces  of  the  holohedral  form  omitted, 
or  its  alternate  angles  or  edges  replaced,  according  to  a  certain 
law.  Again,  if  half  the  faces  of  a  hemihedral  crystal  be  omitted, 
a  telartohedral  form  is  the  result. 

These  relations  will  be  readily  traced,  even  by  those  unac- 
quainted with  geometry,  by  cutting  out  two  or  three  cubes  in  soap, 
or  some  other  sectile  body,  and  paring  down  the  angles  or  edges 
in  the  manner  above  described. 

In  a  similar  manner,  by  inserting  wires  into 
an  apple  (fig.  58),  we  may  represent  to  the  eye 
the  direction  assumed  by  each  of  the  axes  of  a 
crystal ;  and  by  winding  a  piece  of  thread  round 
each  point  of  Uie  wires,  and  stretching  the  thread 
across  from  one  wire  to  another,  the  outline  of  an 
octohedron  belonging  to  any  of  the  systems  is 
readily  obtained. 
2.  T7i«  Right  Square  Primuttic,  or  Pyramidal  System. — la 
this  system  there  are  three  axes,  all  at  right  angles  to  each  other, 
but  two  only,  a  a,  a  a  (fig.  59),  are  equal ;  the  third,  c  c,  being 
either  longer  or  shorter  than  the  others.  Generally  there  is  no 
simple  relation  between  the  length  of  this  axis  and  that  of  the 
other  two.  Expansion  by  heat  is  equal  in  two  directions.  The 
crystals  of  this  system,  as  well  as  those  of  the  fotir  other  systems 
not  yet  described,  exert  double  refrwHion  on  light,  and  have  only 
one  axis  of  single  refraction  (117,  118.) 

Four  principal  varieties  of  this  system  may  be  mentioned ;  two 

prisms  with  a  square  base,  and  two  octohedra.     The  prisms  difier 

from  each  other  according  as  the  equal  axes,  a  a,  a  a,  terminate  in 

the  angles  of  the  base,  as  seen  in  fig.  59,  i ;  or  in  the  sides  of  the 

Fio.  69. 
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Frramidal,  or  Sight  eqniire  Frinnatio  Syitei 
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base,  as  at  x.  Similar  difierences  exist  in  the  two  octohedra.  The 
octohedron  ia  said  to  be  direct,  when  the  axes  end  in  the  angles, 
—  ittverse,  when  they  end  in  the  edges.  3  represents  a  right 
square  prism,  the  axes  of  which  terminate  in  the  edges  of  the 
crystal ;  in  4,  the  axes  terminate  in  the  sides  of  the  prism :  5  is 
the  direct  octohedronj  with  its  axes  in  the  solid  angles;  6,  the 
inverse  octohedron,  with  the  axes  in  the  edges.  Examples  of  this 
system  are  seen  in  ferrocyanide  of  potassium,  cyanide  of  mercury, 
binoxide  of  tin,  and  anatase. 

In  consequence  of  the  absence  of  any  fixed  relation  in  length 
between  the  principal  axis,  c  c,  and  the  other  two  axes,  in  the  four 
different  prismatic  systems,  these  prisms  may  vary  in  length  inde- 
finitely. In  some  cases,  the  axis  c  c,  is  so  short  that  the  crystal 
assumes  the  form  of  a  flattened  plate,  when  it  is  said  to  be  a  tabular 
crystal ;  in  others  it  forms  a  long  prism  of  indefinite  length.  Even 
in  the  octohedron  of  the  various  prismatic  systems,  the  principal 
axis,  c  c,  does  not  always  bear  the  same  proportion  in  length  to  the 
other  two  axes  in  the  same  compound;  though  in  these  various 
octohedra,  the  axis,  e  c,  always  bears  some  simple  ratio  in  length 
to  those  of  the  other  octohedra  of  the  same  body. 

3.  The  Rhombohedral  System. — In  this  syatem  there  are  four 
axes ;  three  of  them,  a  a,  a  a,  a  a,  are  of  equal  lengths,  are  situated 
in  the  same  plane,  and  cross  each  other  at  angles  of  60° ;  whilst 
the  fourth,  c  c,  is  perpendicular  to  these,  and  may  vary  in  length. 
The  ciystala  of  this  class  produce,  in  a  very  marked  manner,  the 
effects  of  double  refraction  on  light.  They  have  one  axis,  c  c,  of 
single  refraction ;  and  by  the  application  of  heat  expand  equally 
in  two  directions.     In  this  system  the  principal  forms  (fig.  60)  are 

Fia.  60. 


Shombobedrsl  System. 


the  bi-pyramidal  dodecahedron,  3,  (of  which  there  are  two  varieties, 
acconling  as  the  axes  terminate  in  the  angles  of  the  base,  i,  when 
it  constitutes  a  direct  dodecahedron ;  or  in  its  sides,  2,  when  the 
dodecahedron  is  saidto  be  inverse ;  (the  rhombohedron,  4,  and  the 
six-sided  prism,  5.     Of  each  of  these  forms  there  are  likewise  two 
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Torieties,  depending  upon  the  position  of  the  axes.  4  is  an  in- 
verse rhombohedron.  Among  ciTStalB  which  belong  to  this 
are  ice,  quartz,  beryl,  Iceland  spar,  and  nitrate  of  sodium. 

Figure  61  represents,  in  one  view,  the  manner  in  which  the 
principal  forms  in  each  of  the  first  three  systems  can  be  described 
Fia.  61. 


about  the  crystallographic  axes,  i  exhibits  the  octohedron  in- 
scribed in  the  cube  j  2  shows  both  varieties  of  the  octohedron  and 
of  the  square  prism ;  3  the  six-sided  prism,  containing  the  rhombo- 
hedron and  bi-pyramidal  dodecahedron. 

The  relations  of  the  first  three  systems  arc  simple,  and  easily 
traced  j  the  other  three  systems  are  more  complicated,  owing  to  the 
varietyintroduced  by  the  irregular  lengths  and  obliquities  of  the  axes. 

4.  The  Right  Rectangular  Priamaiic,  or  Prwmaiic  System. — 
The  crystalB  of  this  system  have  three  axes,  a  a,  bb,  ce  (fig.  62), 
Fia.  61. 
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Prismatic,  or  Bight  SeetaDgnlar  PritDutio  System, 
all  at  right  angles  to  each  other;  each  axis  difiers  &om  the  others 
in  length,  and  they  usually  bear  no  simple  proportion  in  length  to 
each  other.  In  this  and  in  the  two  remaining  systems,  the  crys- 
tals expand  unequally  by  the  application  of  heat,  in  the  three 
directions  of  these  axes ;  and  they  have  two  other  resultant  axes 
in  which  there  is  no  double  retraction  {118). 

The  principal  varieties  of  the  prismatic  system  are  the  right 
octohedron  with  a  rhombic  base  (fig.  62,  4),  or  right  rhombic 
octohedron;   and  the  right  prism  with  a  rhombic  base  or  right 
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rbom'bic  prism,  5.  Both  these  figurea  have  a  rhombic  base,  i ;  the 
axes  terminate  in  the  solid  angles  of  the  octohedron,  and  in  the 
edges  of  the  prism.  Owing  to  the  inequality  in  the  lengths  of 
the  axes,  the  sections  of  the  octohedron  through  abab,i,  caca, 
2,  and  c  b  c  b,  ^,  though  all  rhombic  in  form,  are  each  different 
in  dimensions.  The  faces  of  the  octohedron  are  all  similar,  hut 
the  length  of  each  aide  of  its  triangular  faces  is  different.  To  this 
class  belong  nitre,  aragonite,  topaz,  sulphate  of  barium,  and  sulphur 
obtained  by  evaporation  from  bisulphide  of  carbon. 

5.  The  Oblique  System.— 'Vhe  three  axes  of  this  system  may 
all  differ  in  length ;   two  of  them,   c  c,   a  a,   cross  each  other  ob- 
liquely (fig.  i'^,  2) ;  the  third,  i  i,  is  perpendicular  to  both  the 
Fia.  63. 


Oblique  Sygtam. 
others ;  generally  there  is  no  simple  proportion  between  the  lengths 
of  the  different  axes.  The  principal  forms  are  the  oblique  octo- 
hedron with  a  rhombic  base,  4,  and  the  oblique  rhombic  prism,  5, 
in  both  of  which  the  axes  are  in  the  angles  of  the  crystal.  The 
base  of  the  figure  in  each  case  is  a  rhomboid,  i,  in  which  the  axes 
a  a,  bb,  cross  each  other  at  right  angles.  In  the  octohedron,  the 
section  through  the  two  oblique  axes,  a  a,  c  r,  2,  is  also  a  rhom- 
boid :  the  axis,  c  c,  crosses  the  third  axis,  b  b,  perpendicularly, 
and  a  section  through  these  axes  produces  the  rhomboid  shown 
in  3.  The  octohedron  of  this  system  is  not  perfectly  symmetrical. 
Each  of  the  three  sides  forming  its  triangular  faces  differs  &om 
the  others  in  length,  and  the  faces  are  of  two  kinds.  The  two 
upper  front  faces  of  4,  fig.  63,  correspond  to  the  two  lower  back 
iaces,  and  the  other  four  faces  are  ahke.  Besides  the  oblique 
rhombic  octohedron,  there  are  three  forms  of  the  obhque  rhombic 
prism;  the  kind  of  prism  being  defined  by  the  axis  with  which 
the  long  axis  of  the  prism  coincides.  Sulphate  of  sodium,  phos- 
phate of  sodium,  sulphor  crystallized  by  fusion  and  slow  cooling, 
borax,  and  sulphate  of  iron  (ferrous  sulphate),  offer  examples  of 
crystals  belonging  to  this  class. 

6.  TTie  Doubly  Oblique,  or  Anorthie  System. — In  this  system 
each  of  the  three  axes  may  differ  from  the  others  in  length,  and 
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all  cross  each  otter  obliquely.     The  principal  varieties  of  crystal- 
line form  are  the  doubly  oblique  octohedron  (6g.  64,  2),  the  base 
Fib.  64. 
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Donbl;  ObUqae,  or  AnorUuc  8f  ateni. 
of  vhieh  is  seen  at  i,  and  the  doubly  oblique  prism,  3.  The 
octohedroa  is  not  synunetrical  in  its  form :  its  four  upper  faces 
are  ^  unlike,  but  each  face  corresponds  to  the  lower  face  vhich 
is  parallel  to  it.  Sulphate  of  copper  and  nitrate  of  bismuth  belong 
to  this  class,  whiefa,  however,  contains  comparatively  few  sub- 
stances. Some  of  the  varieties  of  crystalline  forms  which  it 
includes  are  very  complicated,  and  difficult  to  define. 

Igomarphism—Dimorphum — AUotropy. 

(83)  Isomorphism. — Owing  to  the  comparatively  small  number 
of  forms  which  belong  to  the  regular  system,  and  to  the  perfect 
symmetry  which  characterizes  them,  it  necessarily  happens  that 
a  variety  of  bodies,  very  dissimilar  in  properties  and  in  chemical 
composition,  assume  crystalline  forms  which  are  not  distinguish' 
able  &om  each  other,  since  they  coincide  exactly  in  their  angular 
measurements.  For  example,  the  elements, — carbon,  gold,  and 
copper,  and  the  compounds, — sulphide  of  lead,  bisulphide  of  iron, 
fluor  spar,  alum,  and  spinelle,  all  crystallize  in  cubes  or  oetohedra 
which  perfectly  resemble  each  other ;  yet  these  substances  present 
no  resemblance  to  each  other  cither  in  properties  or  in  chemical 
composition. 

Crystals  which  belong  to  the  other  systems,  however,  do  not 
so  frequently  present  this  exact  similarity  in  form :  for  though  they 
may  crystallize  in  similar  prisms  or  oetohedra,  yet  a  measurement 
of  the  angles  will  suffice  to  show  considerable  differences  in  the 
length  of  the  axes,  and,  in  the  case  of  the  two  oblique  systems, 
in  the  inclination  of  the  axes  to  each  other.  But  in  these  systems, 
likewise,  as  well  as  in  the  regular  system,  cases  occur  in  which  an 
exact,  or  almost  exact  identity  in  crystalline  form,  even  in  these 
respects,  is  found.  In  the  larger  number  of  these  instances,  as 
Mitscherlich  has  proved,  the  chemical  composition  of  the  substances 
which  thus  corrcBpond  in  form  is  analogous.  Bodies  which  possess 
this  similarity  in  form  are  termed  iaomorpkout  (from  taoq  equal. 
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popfii  form).  The  term  isomorpIioiiB  is,  however,  restricted  to 
sadi  substances  as  exhibit  not  only  similarity  in  form,  but  at  the 
same  time,  the  analogy  in  their  chemical  composition  just  alluded 
to.  The  diamond  (C),  magnetic  oxide  of  iron  (FeO,  Fe^O^),  and 
alum  {KAlaSO^-h  laH^O),  all  crystallize  in  octohedra,  yet  they 
are  not  usually  cited  as  instances  of  isomorphism :  but  the  spineUe- 
ruby  {MgO,  Al^O^),  magnetic  oxide  of  iron  (JR?0,  Fe^O^),  and 
chrome  iron  ore  {FeO,  Cr^O^),  not  only  crystallize  in  the  same 
form,  but  have  a  constitution  perfectly  analogous,  and  are  there- 
fore truly  isomorphous.  Mitscherlich,  indeed,  endeavoured  to 
show  that  crystalline  form  is  independent  of  the  chemical  nature 
of  the  atoms,  and  that  it  is  determined  only  by  their  grouping 
and  relative  position ;  the  same  number  of  atoms  combined  in  the 
same  way,  always  producing  the  same  crystalline  form. 

This  statement  is  not  strictly  true :  the  elementary  bodies  have 
by  no  means  all  of  them  the  same  crystalline  form ;  and  it  is  found 
that  even  when  the  chemical  constitution  is  the  same,  though 
there  may  firequently  be  a  close  similarity  in  the  form  assumed, 
yet  a  careful  measurement  of  the  angles  indicates  differences  in 
the  length  or  inclination  of  the  axes.  For  example — the  carbo- 
nates of  calcium,  manganese,  magnesium,  iron,  and  zinc,  all  crystal- 
lize  in  rhombohedra ;  but  the  corresponding  angles  of  these  several 
ciystals  are  all  different,  as  the  following  table  shows : — 

Calcareous  spar    •     •     .  • 

Carbonate  of  manganese  . 
Carbonate  of  iron 

Carbonate  of  magnesium  « 

Carbonate  of  zinc     •     .  • 

These  differences  are  in  all  probability  partially  due  to  differ- 
ences in  the  crystalline  arrangement  of  the  elementary  molecules 
of  some  of  the  components,  and,  as  Kopp  has  shown,  in  the  atomic 
volume  or  space  occupied  by  these  ultimate  molecules.  The 
crystals  of  metallic  zinc  and  iron,  for  instance,  belong  to  different 
systems,  so  that  it  is  not  surprising  that  some  difference  should  be 
observed  in  the  form  of  their  corresponding  compounds ;  and  if 
Mitscherlich's  law  be  confined  to  compound  bodies,  these  very 
differences  which  have  been  supposed  to  militate  against  it  will 
prove  to  be  remarkable  corroborations  of  its  truth,  as  they  show 
that  the  number  and  collocation  of  the  atoms  may  overcome  the 
tendency  of  some  of  the  atoms  of  the  elementary  components  to 
aasome  different  forms.  It  also  shows,  moreover,  that  it  is  unsafe 
to  infer  iflomOTphism  in  the  elements  simply  from  the  occurrence 
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of  isomorphism  in  the  compounds  which  they  yield.  It  must, 
however,  be  borne  in  mind  that  bodies  which  are  analogous  in 
chemical  composition  and  in  properties  are  not  necessarily  isomor- 
phous, — ^for  example,  carbonate  of  magnesium  {Mg,  CO^)  crystal- 
lizes in  rhombohedra,  whilst  carbonate  of  strontium  {SrCO^) 
assumes  the  form  of  oblique  rhombic  prisms. 

It  not  unfrequently  happens  that  a  compound  group  like 
ammonium  (H^N),  if  equivalent  in  function  to  a  simple  sub- 
stance like  potassium  (K),  will  form  compounds  with  the  same  acid- 
radicle,  which  are  isomorphous  with  each  other:  this  is  manifest 
in  the  chloride  of  potassium  (K,C1)  and  chloride  of  ammonium 
(H^N,  CI),  both  of  which  crystallize  in  cubes.  The  sulphate  of 
potassium  (KgSOJ  is  in  like  manner  isomorphous  with  the  sulphate 
of  ammonium  [(H^N)jj  SOJ,  and  so  on  through  the  greater  number 
of  the  corresponding  compounds  of  potassium  and  ammonium. 

(84)  Chemical  Bearings  of  Isomorphism. — This  discovery  of 
the  coincidence  of  similarity  in  crystalline  form  with  similarity  in 
chemical  composition,  is  one  of  the  most  important  generalizations 
yet  arrived  at  in  the  science  of  crystallography.  It  haa  rendered 
great  service  to  chemistry  by  facilitating  the  classification  of  com- 
pounds, and  it  has  often  caUed  attention  to  analogies  in  composition 
which  might  otherwise  have  been  overlooked.  In  determining  the 
atomic  weight  of  a  substance  it  is  also  frequently  of  essential  value ; 
but  its  application  to  these  purposes  wiQ  be  more  advantageously 
examined  at  a  future  period. 

Bodies  which  approach  each  other  thus  closely  in  crystalline 
form  often  occur  mixed  together  in  variable  proportions  in  regu- 
larly crystallized  minerals.  Such  isomorphous  compounds  can- 
not be  separated  by  the  method  of  crystallization.  Indeed,  it 
is  quite  possible  to  obtain  crystals  consisting  of  alternate  layers  of 
different  isomorphous  salts,  if  they  have  nearly  the  same  degree  of 
solubility  in  water.  An  octohedral  crystal  of  ordinary  alum,  for 
example,  if  transferred  to  a  solution  of  chrome  alum  (a  compound 
isomorphous  with  ordinary  alum,  and  which  differs  from  it  in  con- 
taining an  atom  of  chromium  in  the  place  of  an  atom  of  alu- 
minum), will  continue  to  increase  in  size  regularly,  and  a  layer  of 
the  metallic  salt  will  be  deposited  on  the  common  alum.  If  the 
crystal  be  transferred  again  to  the  original  solution  of  alum,  a  fresh 
layer  of  colourless  alum  will  be  formed  upon  the  chromium  salt, 
and  so  on  in  succession. 

k.  large  number  of  metals,  when  united  with  the  same  acid 
radicle,  ftimish  salts  which  are  isomorphous.  For  instance, 
^e  sidphates  of  magnesium^  zinc^  iron,  nickelj  cobaltj  manga- 
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nese^  and  cadmium^  all  crystallize  in  similar  forms.  The  isomor- 
phism of  many  acid  radicles^  when  united  with  the  same  metal^ 
such  as  potassium  or  sodium^  is  not  less  evident :  sulphate^  sele- 
niate^  chromate^  and  manganate  of  potassium,  all  have  the  same 
form ;  and  the  isomorphism  of  the  corresponding  phosphates  and 
aiseniates  of  sodiimi  is  equally  striking. 

(85)  The  following  table  exhibits  some  of  the  more  important 
of  the  groups  in  which  the  existence  of  isomorphism  has  been  dis- 
tinctly ascertained : — 


ISOMORPHOUS    GROUPS. 
{A,)  JElements. 


Diamond 

Lead 

Iron 

Copper 

Silver 

Gold 


Alamina    

Sesquioxide  of  Iron 
Oxiae  of  Chromium 
Ilmenite    


Arsenions  Anhydride.. 
Oxide  of  Antimony  ... 


2 
Arsenic 
Antimony 
Tellurium  (P) 


(B,)  Compounds. 


Al^O^ 


(FeTt),0, 


SbjOg 


Sulphides* 

Arsenides 

Antimonides 


Potassium'Compounds  of 
Chlorine     

JLviuuie ...      ...      ...      •••      I 

Bromine      

Fluorine 


KCl 
KI 
KBr 
ZFi 


Salts  of  the  following  Acid  Radicles  when  united  with  the  same  Metal, 
M.'  representing  any  Monad  or  Monobasic  Metal. 


Phosphates 
Arseniates... 


Sulphates  ... 
Seleniates  ... 
Chromates... 
Manganates 


•*. 


8 


••• 


M'PO. 
l£\AsO^ 


U^SeO^ 
U'CrO^ 


M'MoO. 


Molybdates 

Tungstates  

Chromates  (in  the  un- ) 

usual  form  of  Chro-  >    Fb"OrO^ 

mate  of  lead) ...      ) 


10 


Perchlorates* 
Permanganates 


Mcro^ 

WMnO^ 


*  It  appeared  anomalous,  upon  the  supposition  that  the  atomic  weight  of 
sulphur  was  16,  that  33  parts  of  sulphur  snould  be  isomorphous  with  7I)  of 
arsenic,  two  atoms  of  sulphur  apparently  bein^  isomorphous  with  one  of  arsenic ; 
but  if  the  atomic  weight  of  sulphur  is  admitted  to  be  32,  the  anomaly  dis- 
appears. A  similar  remark  applies  to  the  permanganates  and  perchlorates,  if 
tne  atomic  weight  of  manganese  be  taken  as  27'^.  The  permanganates  appear 
to  contain  2  atoms  of  manganese,  whilst  the  perchlorates  contain  only  i  of  chlo- 
rine ;  but  assuming,  as  we  hare  done,  on  other  grounds,  that  the  atomic  weight 
of  manganese  should  be  doubled,  or  should  be  55,  then  it  follows,  as  a  matter 
of  course,  that  the  number  of  atoms  of  manganese  and  chlorine  are  alike. 

k2 
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Salts  of  the  following  Metals  when  united  with  Equivalent  Quantities  of 

the  same  HcUogen  or  Acid  Itadtcle, 

13 

Barium 
Strontium 


II 
Magnesium 
Calcium  (in  Calc  Spar) 
Zinc 

Cadmium 
Iron 

Manffanese 
Cobalt 
Nickel 
Copper 
Lead  (in  Plumbo-calcite) 


Calcium  (in  Aragonite) 
Lead 

Double  Chlorides  of 

Platinum aKCl.P^CI^ 

Osmium 2KCl,0*Cl4 

Iridium    2KCl,0*Cl4 


14 
Fotfwsium  I  Ammonium 

(86)  /MmoTyAwm.— Another  very  remarkable  fact  connected 
with  crystallization  has  been  observed  in  a  few  bodies.  Some 
substances,  sulphur,  for  example,  are  capable  of  assuming  two  dis- 
similar forms,  according  to  the  temperature  at  which  the  crystals 
are  produced.  Sulphur,  as  it  is  found  crystallized  in  nature,  or  as 
it  is  obtained  by  the  spontaneous  evaporation  of  its  solution  in  bi- 
sulphide of  carbon  or  in  chloride  of  sulphur,  is  deposited  in  the  form 
of  octohedra  with  a  rhombic  base,  which  is  one  of  the  forms  of  the 
4th,  or  prismatic  system.  When  obtained  by  the  slow  cooling  of  a 
mass  of  melted  sulphur,  beautiful  amber-coloured  prismatic  crys- 
tals are  obtained,  belonging  to  the  5th,  or  oblique  system.  These 
oblique  prisms,  in  the  course  of  a  few  days,  at  the  usual  atmospheric 
temperature,  become  opaque,  lose  their  cohesion,  and  are  gradually 
converted  into  a  congeries  of  octohedra.  A  similar  change  is 
produced  in  the  octohedral  crystals  by  exposing  them  for  some  time 
to  a  heat  of  about  230°,  but  the  opacity  is  in  this  case  due  to  the 
formation  of  prismatic  crystals.  The  crystalline  axes  of  the  two 
forms  differ,  and  consequently  the  crystals  belong  to  different  sys- 
tems. Bodies  capable  of  thus  assuming  two  forms  geometrically 
incompatible  are  said  to  be  dimorphous. 

Many  other  instances  might  be  mentioned.  Carbon,  in  its  pure 
state,  as  it  occurs  in  the  diamond,  is  crystallized  in  the  ist,  or  re- 
gular system,  in  octohedra,  or  in  allied  forms;  but  in  graphite,  as 
it  separates  from  cast  iron  when  fused,  it  assumes  the  shape  of  six- 
sided  plates,  which  belong  to  the  rhombohedral  system.  Carbonate 
of  calcium  usually  occurs  in  forms  of  the  3rd  system,  reducible  by 
cleavage  to  rhombohedra,  like  those  of  Iceland  spar,  and  it  is  thus 
formed  by  crystallization  at  low  temperatures ;  but  occasionally  it 
occurs  in  the  rectangular  prisms  of  the  4th  system,  as  in  the 
ipinend  aragonite ;  and  the  microscopic  crystals  which  are  formed 
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when  the  carbonate  of  calcium  is  deposited  firom  its  solution  by 
carbonic  acid  in  water^  on  the  application  of  a  heat  of  212^^  have 
also  this  form  (O.  Rose).  Another  beautiful  instance  of  dimorphism 
is  afforded  in  iodide  of  mercury.  When  this  body  is  heated,  it 
fuses,  boils,  and  is  converted  into  vapour,  which  condenses  upon  the 
side  of  the  tube  as  a  yellow  crystalline  crust,  composed  of  minute 
rhombic  plates.  The  application  of  a  slight  mechanical  force,  such 
98  a  mere  scratch  upon  a  single  point,  changes  the  form  firom  the 
rhombic  plate  to  that  of  an  octohedron  with  square  base,  and  the 
change  is  rendered  visible  to  the  eye  by  the  accompanying  substitution 
of  a  bright  «carlet  for  the  yellow  colour.  If  the  quantity  of  the  iodide 
operated  on  be  at  all  considerable,  the  temperature  of  the  mass 
may  be  observed  to  rise  as  much  as  5°  or  6°  F.  during  the  con- 
version of  the  yellow  into  the  red  salt  (Weber). 

It  is  obvious  that  in  certain  cases  the  forms  of  a  crystal  be- 
longing to  one  system  may  approach  very  closely  to  those  of  another 
totally  different  system :  for  instance,  bismuth  appears  to  crys- 
tallize in  cubes,  but  in  reality  it  assumes  the  form  of  a  rhombohe- 
dron,  the  angles  of  which  are  92°  20',  and  87°  40',  or  so  close  upon 
right  angles,  as  to  ordinary  observation  to  be  confounded  with 
them :  the  derivative  forms,  however,  in  such  cases  are  always  very 
different,  and  generally  enable  the  observer  to  point  out  the  true 
system  to  which  the  crystal  belongs. 

According  to  the  observation  of  Pasteur,  instances  of  dimor- 
phism usually  occur  when  the  two  forms  are  nearly  upon  the  limit 
of  their  respective  systems.  For  example,  the  angles  of  the  yellow 
rhombic  plates  of  the  iodide  of  mercury  do  not  differ  much  from 
those  of  the  octohedron  of  the  prismatic  system  to  which  the  red 
variety  of  this  compound  belongs,  and  a  similar  remark  is  applicable 
to  the  prisms  and  the  octohedra  of  sulphur. 

Some  substances  are  stated  to  be  even  trimorphous,  that  is, 
they  crystallize  in  three  different  systems.  Both  the  seleniate  of 
zinc  (Z«&0^-f7HjO)  and  sulphate  of  zinc  {ZnSO^'\-yU^O),  and 
the  seleniate  of  nickel  {NiSeO^-^jH^O)  and  sulphate  of  nickel 
(NiSO^-^-yH^O),  according  to  Mitscherlich,  exhibit  this  pecu- 
liarity. Sulphate  of  nickel  crystallizes  below  59®  F.  in  right 
rhombic  prisms ;  between  59°  and  68°  in  acute  square-based  oc- 
tohedra ;  and  when  the  temperature  is  above  86°  in  oblique  rhombic 
prisms.  In  the  first  case  the  crystals  belong  to  the  prismatic,  in 
the  second  to  the  pyramidal,  and  in  the  third  to  the  oblique  sys- 
tem. If  the  right  rhombic  crystals  be  placed  in  the  summer's 
ton  tor  a  few  days  they  become  opaque,  but  still  retain  the  form  of 
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the  prism,  irhich  is  foimd^  when  broken,  to  consist  of  a  mass  of 
octohedra.* 

It  is  not  unlikely  that  the  change  of  tenacity  produced  in  some 
of  the  metals  by  elevation  of  temperature,  and  exhibited  in  a  marked 
degree  by  zinc,  is  produced  by  some  modification  of  their  crystal- 
line form  under  the  action  of  heat. 

The  influence  of  temperature  in  thus  subverting  the  direction 
of  the  molecular  forces  in  obedience  to  which  crystals  are  formed, 
has  as  yet  scarcely  been  made  the  subject  of  systematic  research ; 
its  further  prosecution,  however,  cannot  fail  to  throw  much  addi- 
tional interesting  light  upon  our  knowledge  of  the  operation  of 
molecular  force. 

(87)  Allotropy. — Independently  of  dimorphism,  the  particles  of 
many  solids  arc  capable  of  other  modes  of  arrangement,  which, 
without  altering  the  chemical  composition  of  the  body,  yet  produce 
a  very  important  modification  of  many  of  its  properties,  both 
chemical  and  physical. 

There  appear  to  be  four  diflerent  conditions  in  which  solid 
bodies  may  exist.  They  may  be — 'ist,  crystalline,  as  diamond, 
garnet,  felspar ;  2nd,  vitreoiis  or  glassy,  as  glass  itself,  transparent 
arsenious  anhydride,  and  barley-sugar ;  3rd,  amorphous,  or  destitute 
of  crystalline  form  altogether,  as  tinder,  chalk,  or  clay ;  and  4th, 
organized,  or  arranged  in  masses,  consisting  of  cells,  fibres,  or 
membranes,  like  the  tissues  of  animals  or  vegetables,  as  hair,  muscle, 
skin,  wood,  bark,  leaves,  &c.  To  these  organized  structures,  no 
further  allusion  will  for  the  present  be  made,  since  they  are  pro- 
ducible only  by  the  living  organism. 

Many  substances  are  capable  of  assuming  indifferently  any 
one  of  the  first  three  of  these  conditions.  Sulphur,  for  example^ 
often  occurs  naturally  in  beautiful  octohedral  crystals,  and  may 
always  be  obtained  in  this  form  by  allowing  its  solutions  to 
evaporate  spontaneously  in  the  air.  These  crystals  are  hard  and 
brittle,  and  they  may  easily  be  dissolved  in  bisulphide  of  carbon. 
But  if  a  quantity  of  these  crystals  be  melted,  and  heated  con* 
siderably  beyond  the  boiling  point  of  water,  and  the  liquid  be 
then  suddenly  cooled  by  pouring  it  into  cold  water,  a  tough, 
flexible,  transparent  substance,  of  an  amber  colour,  is  procured, 
which  may  be  kneaded  in  the  hand  or  drawn  out  into  long  threads. 


*  AccordiDg  to  De  Marignac,  however,  sulphate  of  nickel  in  the  second 
and  third  forms  contains  i  H^O  less  than  it  does  when  crystallized  in  right 
rhombic  prisms ;  and  if  this  be  true  for  sulphate  of  nickel,  it  is  most  probaoly 
the  case  with  the  other  salts  abore  mentioned  as  trimorphpus. 
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and  is  less  easily  inflamed  than  ordinary  sulphur.  This  consti- 
tutes vitreous  sulphur ;  but  if  it  be  left  for  a  few  days,  it  becomes 
brittle,  opaque,  and  partly  crystalline.  However,  it  is  not  all 
crystallized,  for  if  digested  with  bisulphide  of  carbon,  part  of  it 
only  will  be  dissolved ;  the  crystallized  portion  is  taken  up,  and 
a  buff-coloured  powder  is  left,  which  is  insoluble.  It  has  no 
crystalline  appearance,  and  is  amorphous  sulphur.  This,  if  melted 
by  heat,  becomes  as  soluble  as  before.  In  addition  to  these 
alterations  in  consistence,  colour,  inflammability,  and  solubility, 
differences  in  the  density  are  observed : — 

Octohedral  sulphur  has  a  specific  gravity  of    2*05 
Prismatic  sulphur  „  „  ^'955 

Vitreous  sulphur  „  „  1*957 

C!orresponding  differences  in  the  specific  heat  have  been  observed 
in  these  different  conditions. 

These  three  different  forms  of  sulphur  are  called  allotropie 
modifications  of  sulphur,  and  the  existence  of  the  same  substance 
in  different  forms,  each  endowed  with  different  properties,  is  called 
allotropy,  {from  oAXoc  another,  and  rpoirog  manner). 

Phosphorus  affords  another  excellent  instance  of  this  singular 
series  of  modifications.  Phosphorus,  when  first  prepared  and  as 
sold  in  the  shops,  is  in  the  form  of  transparent,  flexible,  waxy- 
looking  sticks  which  are  of  the  vitreous  variety.  In  this  form  it 
is  freely  soluble  in  bisulphide  of  carbon,  melts  in  warm  water  at 
a  heat  very  little  above  that  of  the  human  body,  and  is  so  in- 
flammable, that  if  left  exposed  to  the  air,  even  for  a  few  minutes^ 
in  warm  weather,  it  often  takes  fire  and  bums  with  great  violence. 
Phosphorus  has  also  been  obtained  in  crystals,  which  are  equally 
inflammable  with  the  common  form.  But  if  phosphorus  be  put 
into  a  flask  filled  with  nitrogen  or  carbonic  acid  gas,  to  prevent  it 
from  taking  fire,  and  be  heated,  with  various  precautions  to  avoid 
accident,  up  to  the  melting  point  of  tin  (442°),  or  rather  higher, 
in  a  few  hours  it  will  be  changed  into  a  red  powder  which, 
when  properly  purified,  may  be  exposed  to  the  air  without  any 
danger  of  taking  fire.  In  this  condition  it  does  not  melt  until 
heated  to  500°,  or  even  beyond  that  temperature;  and  it  is  quite 
insoluble  in  bisulphide  of  carbon.  Yet  it  is  pure  phosphorus, 
although  in  the  amorphous  condition.  By  heating  it  to  between 
500°  and  600°,  in  a  retort  or  vessel  from  which  the  air  is  ex- 
eluded,  it  melts,  and  then  cannot  be  distinguished  from  the 
original   phosphorus   that  frirnished   it.       In  addition  to  these 
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alterations  in  solubility^  colour,  inflammability,  and  external  ap« 
pearance,  difierences  in  the  specific  gravity  and  in  specific  heat 
have  been  observed. 

Many  other  elementary  bodies  exhibit  analogous  allotropic 
modifications,  and  their  number  irill  no  doubt  be  increased  as  re- 
searches in  this  direction  become  multiplied.  It  is  probable,  indeed, 
that  such  modifications  exist  in  all  the  elements,  although  the  pro- 
perties of  the  different  forms  are  certainly  not  always  so  dissimilar 
fis  in  the  cases  already  quoted.  Even  in  permanent  gases  we  have 
indications  of  allotropy,  the  remarkable  substance  ozone  having 
been  ascertained  to  be  oxygen  in  a  particularly  active  condition. 
The  consideration  of  special  instances  of  allotropy  will  be  deferred 
until  the  properties  of  the  bodies  themselves  are  detailed.  Allotropy 
does  not  appear  to  be  confined  to  elementary  bodies ;  but  in  com- 
pounds it  is  not  always  easy  to  determine  whether  the  corres- 
ponding modifications  may  not  be  due  to  alterations  in  chemical 
composition,  arising  from  a  change  in  the  mode  of  combination  of 
the  different  component  elementary  bodies  with  each  other. 

It  is  certain,  whatever  be  the  causes  which  thus  influence 
molecular  arrangement,  that  the  particular  arrangement  which 
such  causes  may  produce  in  any  given  case,  has  a  very  material 
influence  in  modifying  the  physical  properties  of  the  body.  When 
a  body  is  homogeneous,  or  when  it  is  symmetrically  arranged,  as 
in  the  crystals  belonging  to  the  regular  system,  the  transmission 
of  light,  the  expansion  by  heat,  and  the  conducting  power  of  the 
body  for  heat,  is  uniform  in  every  direction ;  but  when  the  mole- 
cular  forces,  as  shown  by  the  form  of  the  crystal,  are  more  power- 
fill  in  one  direction  than  in  others,  immediately  a  corresponding 
irregularity  in  the  action  of  the  body  on  light,  and  in  its  ex- 
pansive and  conducting  powers  for  heat,  may  be  traced :  probably 
similar  irregularities  would  be  found  in  its  power  of  transmitting 
sound,  and  in  allowing  the  passage  of  electricity  and  magnetism.* 


*  Since  this  paragraph  was  written,  Wertheim  has  proved  that  the 
Telocity  of  sound,  when  transmitted  through  wood,  is  nearly  five  times  as 
great  when  transmitted  in  the  direction  of  the  fibre,  as  wnen  transmitted 
across  it;  and  Wiedemann  has  shown  that  electric  induction  occurs  with 
varying  degrees  of  facility  in  different  directions  in  the  same  doubly  refracting 
crystal. 
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CHAPTER  IV, 

LIGHT. 

Nature  of  lAght— Undulations — Reflection — Refraction — Produc- 
tion  of  Colour — Interference — Double  Refraction — Polaru 
zation, 

(88)  Chemical  Relations  of  Light.— The  force  of  light  which, 
operating  through  the  eye,  gives  exercise  to  the  sense  of  vision, 
is  one,  which,  until  within  the  last  few  years,  would  have  been 
thought  to  have  little  connexion  with  chemistry.  Now,  however, 
the  case  is  otherwise,  and  an  acquaintance  with  the  fundamental 
laws  and  properties  of  light  is  indispensable  to  the  chemist.  The 
physical  characters  of  an  object,  revealed  by  its  action  on  light, 
are  often  of  the  greatest  chemical  value.  Differences  in  refractive 
power,  for  example,  furnish  in  many  cases  the  most  rapid  and 
satisfactory  proof  of  the  genuineness  or  adulteration  of  an  essen- 
tial oiL  Varieties  in  the  amount  and  direction  of  circular  polari- 
zation afford  the  best  means  in  certain  cases  of  arriving  at  a 
knowledge  of  the  varieties  and  proportions  of  sugar  in  complex 
saccharine  fiquids.  By  the  action  of  polarized  light,  the  diamond 
and  other  precious  gems  may  be  distinguished  from  spurious 
imitations. 

But  besides  the  indirect  assistance  thus  afforded  to  chemistry, 
the  researches  of  the  last  sixty  years  have  been  gradually  develop- 
ing the  vast  importance  of  light  as  an  agent  in  producing  the 
chemical  changes  which  are  continually  in  operation  upon  the 
surface  of  the  earth,  and  they  have  at  length  shown  that  this 
wonderful  emanation  from  the  sun  is,  conjointly  with  heat,  the 
mainspring  which  maintains  the  chemical  actions,  and  with  them 
the  existence,  of  all  the  varied  forms  of  organic  life  which  teem 
around  us.  The  fixation  of  carbon  in  the  vegetable  creation,  the 
accumulation  of  materials  for  our  habitations  and  for  fuel,  and  the 
maintenance  of  a  uniform  composition  in  the  atmosphere,  may  be 
mentioned  in  iUustration  of  the  importance  of  its  chemical  actions ; 
whilst  the  fascinating  art  of  photography  gives  proof  of  the 
rapidity  and  the  variety  of  the  changes  which  it  produces. 

The  investigation  of  the  laws  of  light  belongs  to  the  science  of 
optics :  in  the  following  pages,  therefore,  reference  will  only  be 
made  to  some  of  its  principal  properties,  a  knowledge  of  which 
will  be  a  necessary  preparation  to  the  study  of  its  chemical  effects. 

(89)  Sources  of  Light. — i.  The  great  natural  sources  of  light 
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are  the  sun  and  the  heavenly  bodies,  but  there  are  several  modes 
of  procuring  light  by  artificial  means. 

2.  Ignition  of  Solids, — Whenever  any  solid  object  is  raised 
to  a  high  temperature  (beyond  900®  or  1000®  P.),  it  becomes 
luminous.  A  current  of  gaseous  matter  may  have  a  temperature 
of  upwards  of  2000®  without  becoming  luminous.  If,  however,  a 
'solid  be  introduced  into  such  a  current,  it  begins  to  throw  off  light 
in  all  directions,  even  though  it  may  not  bum  and  may  expe- 
rience no  chemical  change ;  under  such  circumstances,  it  is  said  to 
become  incandescent.  The  colour  of  the  light  varies  with  the 
intensity  of  the  heat.  When  first  perceptible  it  is  of  a  dull  red 
colour,  and  as  the  temperature  rises,  it  passes  through  orange  and 
yellow  into  a  full  white,  which,  when  the  heat  becomes  extremely 
intense,  assumes  something  of  a  violet  tinge. 

The  experiments  of  Draper  {Phil,  Mag,,  May,  1847,  p.  345) 
show  that  platinum  begins  to  emit  light  in  the  dark  at  a  tem- 
perature which  he  estimates  at  about  977®.  He  also  found,  by 
introducing  different  substances  into  a  clean  gun-barrel,  and 
raising  the  barrel  to  a  dull  red  heat,  and  then  looking  down  into 
the  barrel,  that  they  all  became  red  hot  at  the  same  time  within 
the  barrel.  The  materials  submitted  to  experiment  were,  pla- 
tinum, brass,  antimony,  lead,  and  gas  carbon ;  to  these  I  may  add, 
porcelain,  black-lead  ware,  copper,  and  palladium.  Chalk  and 
marble  became  visible  before  the  barrel  was  red  hot,  and  the 
phosphorescence  of  fluor  spar  was  still  more  marked.  At  a 
temperature  which,  from  the  expansion  of  the  platinum.  Draper 
estimated  at  1 280®  P.,  the  light  of  a  strip  of  platinum,  heated  by  the 
voltaic  current,  was  red,  and  extending  up  to  the  line  F  of  the 
solar  spectrum  (106) ;  the  colour  of  the  emitted  light  was  green- 
ish grey.  At  1325®  the  spectrum  was  prolonged  into  the  bluish 
green.  At  1440®  the  blue  extended  beyond  Fraunhofer's  line  G ; 
and  at  2130^  a  pure  and  intense  spectrum,  reaching  as  far  as  H, 
was  obtained. 

This  observation  may  be  carried  still  further  by  noting 
the  effects  produced  upon  the  increase  in  the  extent  of  the 
chemical  action  in  the  more  refrangible  portion  of  the  spectrum, 
as  the  temperature  is  pushed  still  higher.  The  temperature  of 
the  voltaic  arc  and  of  the  electric  spark  may  thus  be  inferred 
greatly  to  transcend  that  of  the  son  and  oxyhydrogen  jet. 

All  our  artificial  lights  depend  upon  the  ignition  of  solid 
matter,  in  the  intense  heat  developed  by  the  chemical  changes  at- 
tendant on  combustion.  One  of  the  most  remarkable  instances  of 
the  production  of  light  v^^mjuaaua^  is  afforded  by  directing  an 
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ignited  jet  of  mixed  oxygen  and  hydrogen  gases  upon  a  piece  of 
lime ;  the  burning  gas  alone  gives  scarcely  any  sensible  lights  but 
the  moment  that  the  lime  becomes  thoroughly  heated^  the  bril- 
liancy of  the  light  becomes  too  great  for  the  eye  to  bear. 

3.  Phosphorescence  by  Heat, — Some  substances  of  mineral  origin^ 
irhen  gently  heated^  emit  a  feeble  light,  which  in  a  short  time 
ceases,  and  cannot  be  again  renewed  until  after  the  body  has  been 
exposed  to  the  light  of  the  sun,  or  to  that  emitted  by  the  discharge 
of  a  Leyden  jar  (112).  Native  phosphate  of  calcium  or  phospho- 
rite, and  a  variety  of  fluor  spar  known  as  chlorophane^  exhibit  the 
phenomenon  very  distinctly. 

4.  Luminous  Animals, — The  existence  of  phosphorescence  may 
be  recognised  in  the  animal  kingdom.  The  waters  of  the  ocean 
in  different  parts  of  the  globe,  and  at  different  times,  appear  to 
be  limiinous  throughout  from  the  presence  of  countless  hosts  of 
luminous  animalculse :  but  usually  the  light  of  the  sea  appears  to 
be  developed  only  by  agitation,  and  the  crest  of  every  wave  may 
often  be  seen  to  be  tipped  with  a  beautiful  fHnge  of  pale  green  light. 
The  glow-worm  and  the  fire-fly  offer  other  familiar  instances  of  the 
same  nature.  Some  kinds  of  scolopendra,  in  passing  over  the 
ground,  leave  a  luminous  trail  behind  them.  Within  certain  limitSi 
this  power  of  emitting  light  appears  to  be  under  the  control  of  the 
animal,  and  it  ceases  in  a  few  hours  after  vitality  is  destroyed. 

5.  Phosphorescence  of  Decaying  Organic  Matter, — Sea  fish,  in 
general,  and  whiting,  herring,  and  mackerel,  in  particular,  soon 
aft;er  death,  exhibit  a  luminous  appearance ;  the  light  is  most  in- 
tense before  putrefaction  commences,  and  gradually  disappears  as 
decomposition  proceeds.  In  order  to  observe  the  phenomenon 
distinctly,  the  fish  should  be  gutted,  and  the  roes  and  scales  re^ 
moved.  The  entire  fish,  and  especially  the  soft  roe,  exhibits  the 
light.  By  placing  such  limiinous  fish  in  weak  saline  solutions^ 
such  as  those  of  Epsom  salts,  Glauber's  salts,  or  common  saltj 
these  solutions  likewise  become  luminous,  and  the  appearance  con- 
tinues for  some  days ;  it  is  particularly  visible  when  the  liquids 
are  agitated.  The  light  is  quickly  extinguished  by  the  addition 
of  pure  water,  of  lime  water,  of  fermented  liquids,  of  acid  and 
alkaline  liquids,  and  of  strong  saline  solutions  in  general;  the 
saline  solutions,  however,  on  being  diluted  recover  their  luminosity. 
If  the  fish  be  exposed  to  a  cold  sufficient  to  freeze  it,  the  lumino- 
sity disappears,  but  it  returns  when  it  is  thawed ;  luminous  wood 
also  ceases  to  emit  light  below  32°.  A  temperature  of  about  100® 
seems  to  be  that  most  favourable  to  the  appearance  of  this  remark- 
able lig^t;  it  disappears  considerably  below  2J2^>  and  the  faculty 
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of  again  becoming  luminous  on  cooling  is  speedily  destroyed  by  the 
jcontinuance  of  the  heat.     (Hulme,  PhU.  TVans,,  1800.) 

6.  Electricity. — The  transient  light  of  the  electric  spark,  and 
the  intense  glare  attendant  on  a  flash  of  lightning,  are  familiarly 
Jknown ;  but  electricity  may  likewise  be  made  to  give  a  continuous 
and  abundant  supply  of  light :  the  ignition  of  charcoal-points  be- 
tween the  wires  of  a  voltaic  battery  may  be  made  to  yield  a  light 
which  dazzles  the  unprotected  eye.  Attempts  have  been  made 
recently  to  apply  this  light  to  the  purposes  of  illumination  on  a 
large  scale,  though  as  yet  with  imperfect  results.  Other  less  im- 
portant sources  of  light,  such  as  the  friction  of  two  pieces  of 
quartz  or  of  loaf  sugar,  may  also  possibly  be  of  electrical  origin. 

7.  Crystallization. — Light  is  likewise  developed,  under  certain 
circumstances,  in  the  act  of  crystallization.  When  the  transpa- 
rent form  of  arsenious  anhydride  is  dissolved  in  hot  hydrochloric 
acid,  the  liquid  as  it  cools  deposits  crystals  of  opaque,  white  arse- 
nious anhydride :  if  the  process  be  watched  in  a  darkened  room, 
the  separation  of  each  crystal  will  be  seen  to  be  accompanied  by  a 
faint  flash.  Fused  sulphate  of  sodium,  and  one  or  two  other 
vitrified  salts,  when  dissolved  in  water  and  crystallized,  exhibit 
the  same  phenomenon  which  appears  to  accompany  the  transfor- 
mation of  a  vitreous  into  a  crystalline  solid. 

(90)  Thearies  of  Light — Undulations. — Two  hypotheses  have 
been  proposed  to  account  for  the  phenomena  of  light.  Upon  the 
first  of  these,  the  theory  of  emission^  it  is  imagined  that  all 
luminous  bodies  are  constantly  throwing  off  into  space  a  luminous 
matter,  the  particles  of  which  are  inconceivably  minute,  and  are 
projected  with  a  velocity  equally  inconceivable.  These  particles, 
when  they  fall  upon  any  object,  are  reflected  more  -or  less  com- 
pletely from  its  surfaces ;  and,  entering  the  transparent  portions  of 
the  eye,  form  images  upon  the  retina  or  expanded  termination  of 
the  optic  nerve,  and  are  by  it  transmitted  to  the  brain ;  the  result 
enabling  us  to  see  the  object  firom  which  the  light  was  reflected. 

Upon  the  second  hypothesis,  that  of  undulation,  recourse  is 
had  to  the  supposition  of  a  perfectly  elastic  medium  or  ether  of  in- 
conceivable tenuity,  filling  all  space,  and  the  interstices  of  all 
material  objects.  This  medium  is  not  light  itself,  but  it  is  sus- 
ceptible of  being  thrown  into  the  vibrations  which  constitute  light, 
by  impulses  incessantly  emanating  from  all  luminous  objects. 
Portions  of  the  vibrations  thus  excited  are  collected  by  the  lenses 
6f  the  eye,  and  thrown  upon  the  retina.  Upon  this  theory,  there- 
fore, the  phenomena  are  explicable  upon  a  mechanism  similar  to 
tjiat  by  which  tte  vibrations  of  elastic  media  are  known  to  be 
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propagated ;  sucli^  for  example^  as  that  hj  which  the  nndulations 
of  the  atmosphere  arc  conveyed  to  the  ear  and  excite  the  sensation 
of  sound.  The  ether  by  means  of  which  light  is  transmitted, 
though  possessed  of  inertia,  is  not,  like  the  atmosphere,  affected  by" 
the  force  of  gravity. 

At  present,  the  theory  of  undulation  is  all  but  universally 
adopted,  as  it  affords  the  most  complete  explanation  of  the  facts- 
upon  which  the  science  of  optics  is  based.  The  analogies  between 
light  and  sound  are  not  the  least  striking  and  interesting  amongst 
the  proofs  adduced  in  its  support.  Indeed,  it  will  greatly  facili-^ 
tate  the  comprehension  of  the  mechanism  by  which  light  is  sup- 
posed to  be  propagated,  if  we  first  examine  some  of  the  phenomena 
of  sound,  which  admit  of  being  traced  in  a  manner  more  directly 
appreciable  to  common  apprehension  than  those  of  light. 

(91)  Illustrations  of  Undulations  from  the  Phenomena  of  Sound. 
— ^We  have  abundant  evidence  of  the  fact  that  sound,  whenever 
produced,  arises  from  a  series  of  vibrations  which  are  occasioned 
by  any  sudden  impulse,  such  as  a  blow,  communicated  to  any  sub* 
stance  possessed  of  even  a  very  slight  degree  of  elasticity.  In 
other  words,  the  impression  which  we  receive  is  due  to  the  vibra- 
tion into  which  the  particles  of  the  sounding  body  are  thrown ; 
these  vibrations  react  upon  an  elastic  medium,  such  as  the  air :  the 
impulses  are  communicated  by  the  motions  of  the  particles  of  air  to 
the  ear,  and  by  reaction  upon  the  auditory  nerves  they  excite  the 
sense  of  hearing. 

These  motions  of  sounding  bodies  are  frequently  not  too  rapid 
to  be  traced  by  the  eye ;  for  example,  a  stretched  string  whilst 
sounding  may  be  easily  seen  to  be  in  rapid  vibration.  ^  ^ 
Again,  if  a  goblet  be  dusted  over  with  a  little  sand,  or 
any  fine  powder,  and  a  violin  bow  be  drawn  across  its 
edge  so  as  to  elicit  a  sound,  the  particles  of  dust  will  be 
briskly  agitated.  And  in  the  common  experiment  of  half 
filling  a  finger-glass  with  water,  and  producing  a  sound 
by  drawing  the  moistened  finger  along  its  edge,  the  water 
within,  whilst  the  sound  lasts,  is  beautifiiUy  rippled,  to 
an  extent  corresponding  with  the  loudness  of  the  tone. 
These  motions  are  also  distinctly  visible  in  the  prongs  of 
a  tuning-fork  whilst  it  is  in  the  act  of  producing  sound 
(fig.  65).  Such  vibrations,  however,  to  render  them 
audible,  require  the  intervention  of  an  elastic  medium  to 
convey  them  to  the  ear.  If  a  beU  be  suspended  in  the 
nodver  of  the  air-pump,  and  struck,  it  wiU  be  distinctly 
hfittcd  whilst  the  vessel  is  full  of  air;  but,  as  the  exhaustion 
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proceeds,  on  repeating  the  stroke  it  will  gradually  become  feebler, 
and  at  last  will  be  inaudible,  or  nearly  so. 

Other  media  besides  air  may,  however,  be  employed  for  the 
transmission  of  sound.  A  bell  may  be  rung,  for  instance,  under 
water,  and  will  be  heard  by  a  person  also  under  the  water  at  even 
a  greater  distance  than  in  the  air.  Wood  will  likewise  transmit 
sound  freely,  and  to  still  greater  distances  than  atmospheric  air. 

These  impulses  require  time  for  their  propagation,  and  the 
rate  of  propagation  varies  in  diflferent  bodies.  Sound  travels,  for 
example,  at  the  rate  of  1 130  feet  in  a  second  through  air,  of  4900 
feet  through  water,  and  of  17,400  feet  per  second  through  a  deal  rod. 

The  intensity  of  sound,  like  that  of  all  forces  radiating  from  a 
centre,  diminishes  as  the  square  of  the  distance ;  and  as  it  is  pro- 
pagated in  waves  or  undulations,  it  is  subject  to  reflection  from 
obstacles  interposed  in  its  course^  producing  the  various  kinds  and 
forms  of  echo. 

(92)  Varieties  of  Sound. — Sounds  diflTer  from  each  other  in 
loudness,  quality,  and  pitch.  The  loudness  of  a  sound  depends 
upon  the  extent  of  the  vibration.  A  tuning-fork  vibrating  freely 
in  the  air  produces  only  a  feeble  sound ;  but  if  the  handle  be 
placed  upon  a  table  whilst  the  prongs  are  vibrating,  the  wooden 
surface  is  thrown  into  powerful  simultaneous  vibration,  and  a  loud 
sound  is  emitted.  Quality,  or  timbre,  depends  on  the  form  of  the 
sounding  body,  and  the  nature  of  the  material  composing  it. 
Dififerences  such  as  are  perceived  between  the  same  note  when 
produced  by  a  flute,  a  trumpet,  or  a  violin,  are  due  to  this 
variety.  Successive  impulses  following  each  other  rapidly  at 
irregular  intervals,  constitute  a  noise  or  continued  sound,  like 
the  rumbling  of  carriages  in  the  street,  or  .  the  rattle  of  ma- 
chinery ;  but  when  they  follow  at  regular  intervals,  with  a  velocity 
exceeding  16  vibrations  in  a  second,  they  produce  a  musical  note. 
The  pitch  of  the  note  depends  on  the  frequency  of  these  vibrations ; 
the  more  rapid  the  vibrations,  the  sharper  does  the  sound  become. 
The  connexion  of  pitch  with  the  frequency  of  vibration  may  be 
readily  verified  by  pressing  a  card  against  the  edge  of  a  toothed 
wheel,  which  is  made  to  revolve  slowly ;  the  distinct  strokes  of  the 
card  against  each  cog  are  heard  at  first;  but  by  increasing  the 
rapidity  of  rotation,  a  low  humming  note  is  given  out,  and  as  the 
vdocity  increases  the  sound  becomes  more  acute. 

Musical  notes  all  have  a  fixed  numerical  relation  to  each  other, 
each  octave  as  the  scale  ascends  having  twice  as  many  vibrations  in 
equal  intervals  of  time  as  the  corresponding  note  of  the  octave  im- 
mediately below  it.  The  ratios  are  exhibited  in  the  annexed  table :— 
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In  this  table^  a  tuning-fork  is  considered  to  have  made  one 
vibration  whilst  the  prong  is  passing  from  a  to  A  (fig.  65),  the 
return  motion  from  b  to  a  being  reckoned  as  a  second  vibration, 
as  in  counting  the  beats  of  the  pendulum.  The  frirther  considera- 
tion of  this  subject  would,  however,  be  irrelevant  in  a  work  on 
chemistry,  as  it  belongs  to  the  physical  science  of  acoustics. 

It  rarely  happens  that  all  the  particles  of  a  sounding  body  are 
simultaneously  vibrating.  A  sounding  body  generally  divides 
itself  into  portions  vibrating  in  opposite  directions;  the  inter- 
mediate lines  or  points  are  quiescent,  and  these  quiescent  portions 
are  termed  no€lal  lines  or  points.  If  a  flat  plate  of  glass  be  held 
horizontally  by  the  point  of  the  finger  and  thumb  near  its  centre, 
and  its  surface  be  sprinkled  with  sand,  on  eliciting  a  musical  note 
by  drawing  a  violin  bow  across  its  edge,  the  sand  will  accumulate 
on  the  stationary  parts,  and  show  clearly  the  position  of  the  nodal 
lines.  By  altering  the  points  at  which  the  glass  is  held,  the  nodal 
lines,  and  the  note  elicited,  may  be  made  to  imdergo  a  vaiiety  of 
interesting  changes. 

The  amount  of  force  exerted  by  the  accumulation  of  these 
minute  molecular  motions  is  extraordinary.  A  feat  occasionally 
performed  by  a  powerful  singer  is  to  crack  a  glass  by  swelling  his 
voice  upon  the  note  to  which  the  glass  responds.  Savart  has 
made  some  important  experiments  in  relation  to  this  subject.  {Ann, 
de  Chinde,  II.  Ixv.  384.)  He  found  that  a  copper  band,  10  feet 
long,  iV  Mich  wide,  Vr  iiich  thick,  will  sustain  a  weight  of  90  lb. 
without  becoming  perceptibly  lengthened,  but  if  made  to  vibrate 
longitadmally  whilst  thus  stretched  it  will  become  lengthened  6  or 
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7  inches.  In  the  same  way  a  cylinder  of  brass  1*37  inch  in 
diameter^  became  lengthened  during  its  longitudinal  vibration,  to 
an  extent  that  would  have  required  the  application  of  a  direct 
strain  equal  to  4000  lb.  It  is  needless  to  insist  on  the  important 
practical  bearing  of  these  facts  on  the  construction  of  metallic 
machinery  liable  to  regular  partial  oscillation,  however  slight  or 
apparently  trivial  such  vibrations  may  be. 

The  experiments  just  detailed  will  show  in  what  way  it  has 
been  clearly  ascertained  that  it  is  by  successive  regularly  recurring 
motions,  or  undulations,  that  sound  is  propagated.  A  similar 
principle  has  been  with  great  success  applied,  with  certain  modifi- 
cations, to  trace  the  yet  more  interesting  and  complicated  pheno- 
mena exhibited  by  light. 

(93)  Mechanism  of  Undulation, — The  mode  in  which  the 
undulations  of  light  are  transmitted  may  be  illustrated  by  loosely 
stretching  a  long  cord,  and  striking  it  from  above  downwards  near 
one  end :  the  motion  will  be  propagated  in  successive  waves  from 
one  extremity  to  the  other,  each  portion  of  the  cord  becoming 
alternately  first  higher  and  then  lower  than  the  position  which  it 
assumes  when  at  rest.  In  the  passage  of  a  ray  of  light,  the 
motions  of  the  particles  of  ether  interposed  between  the  eye  and 
the  luminous  object,  will,  like  those  of  the  cord,  be  at  right  angles 
to  the  track  of  the  ray,  or  to  that  line  in  which  the  wave  is 
advancing,  and  in  the  same  plane  as  that  in  which  the  impulse 
was  given.  If  the  cord  be  struck  from  above  downwards,  the 
waves  will  be  upwards  and  downwards ;  if  laterally,  the  waves  will 
Pj^  ^^^  occur  from  side  to  side.     Let  r  s 

«  (fig.  66)  be  the  direction  of  the 

^^^\f\J\P\S^J\j^  ray>  tlie  motion  of  the  particles  of 

I  the  ether  will  be  in  the  direction 

a  b,  at  right  angles  to  the  course  of  the  ray. 

A  similar  movement  takes  place  in  water  when  a  stone  is 
dropped  into  it,  or  when  its  surface  is  ruffled  by  a  breeze.  Though 
the  motion  is  propagated  from  the  point  struck,  towards  the  edges, 
in  circles  continually  widening,  the  particles' of  the  liquid  them- 
selves do  not  travel  onwards  from  the  centre  towards  tike  circum* 
ference,  but  are  alternately  elevated  and  depressed,  as  may  be  seen 
by  watching  the  movements  of  a  cork  or  other  light  floating 
object ;  each  vertical  line  in  succession  receiving  and  transmitting 
the  motion  produced  by  the  first  impulse,  which  gradually 
diminishes  in  intensity  as  the  squares  of  the  distance  increase,  and 
as  the  circle  becomes  more  extended. 

In  very  compressible  media,  like  air^  the  propagation  of  force  is 
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also  effected  by  undulation,  as  in  the  phenomena  of  sound ;  but 
in  them  the  particles  undergo  alternate  condensation  and  rarefac- 
tion in  the  same  direction  as  that  in  which  the  motion  is  com- 
municated. 

(94)   Transparency  and  Opacity. — Bodies  through  which  light 
passes  freely,  such  as  glass  or  air,  are  termed  transparent;  they  allow 
objects  to  be  seen  through  them,  whUst  the  majority  of  substances 
whidi,  like  wood,  metals.  Sec.,  do  not  allow  its  passage,  are  designated 
as  opaque.     No  substance,  however,  is  perfectly  transparent.     The 
ptuest  air  arrests  a  portion  of  light :  Young  adopts  the  estimate 
that  the  horizontal  sunbeams,  which  pass  through  about  200  miles 
of  atmospheric  air  before  they  reach  the  eye,  possess  only  xoVir  ^^ 
their  original  intensity ;  and  he  states  that  a  column  of  the  clearest 
water  7  feet  in  depth,  arrests  one  half  of  the  light  which  falls  upon 
it ;  but  this  assertion  is  only  true  at  a  particular  obliquity  of  the 
ray,  as  the  effect  depends  partly  upon   the  reflection  from   the 
surfiice.     On  the  other  hand,  there  is  no  such  thing  as  perfect 
opacity.     Gold,  which  is  one  of  the  densest  metals,  may  be  ham- 
mered out  into  very  thin  leaves,  which  transmit  a  green  light  if 
the  metal  be  pure,  and  a  purplish  light  if  it  be  alloyed  with  silver. 
Between  the  extremes  of  opacity  and  transparency  are  innumerable 
gradations.     Bodies  vary  greatly  in  translucency,  that  is,  in  their 
power  of  transmitting  light.     Porcelain  is  a  translucent  body ;  it 
breaks  up  the  rays,  but  transmits  a  softened  light,  though  it  does 
not  allow  the  form  of  an  object  to  be  seen  if  the  porcelain  be  in- 
terposed between  that  object  and  the  eye. 

Light  proceeds  through  all  homogeneous  transparent  media  in 
straight  lines  from  the  object ;  these  lines  radiate  in  all  directions 
from  a  luminous  point,  and  a  ray  of  light  is  an  indefinitely  narrow 
portion  of  a  stream  of  light.  The  path  of  the  rays  in  a  direct 
line  may  often  be  traced  across  a  darkened  room  into  which  a 
sunbeam  is  admitted,  by  the  floating  particles  of  dust,  which  re- 
flect a  small  portion  of  the  light  in  different  parts  of  its  course 
into  the  eye  of  the  observer.  The  mere  passage  of  light  through 
a  transparent  object  does  not  excite  the  sense  of  vision,  neither 
can  the  eye  track  the  direction  of  the  ray,  unless  the  vibrations 
be  carried  towards  the  observer  by  reflection  from  the  surface  of 
some  material  object. 

The  impression  of  light  upon  the  retina  lasts  for  a  brief  in- 
terval,  varying  in  different  persons  from  tV  ^  |  of  a  second,  after 
the  light  itself  has  ceased,  and  gives  rise  to  many  curious  effects  k 
finr  instance,  the  act  of  blinking  produces  no  impediment  to  correct 
▼iMon ;  a  bight  point  made  to  revolve  rapidly  in  the  dark  is  seen 
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as  a  luminous  circle,  and  the  jeta  of  flame  which  in  fireworlis  are 
Trhirled  round  before  the  eyes  of  the  spectators,  assume  the  form 
of  wheels  or  stars  of  fire. 

{95)  Law  of  Diminution  of  lAght  by  Distance. — 'When  light 
diverges  from  a  luminous  centre,  its  intensity  diminishes,  like 
that  of  all  radiant  forces,  not  directly  as  the  distance,  but  as  the 
square  of  the  distance.  A  little  consideration  will  render  the 
reason  for  this  obvious : — Suppose  the  flame  of  a  candle,  or  any 
luminous  point,  to  be  placed  in  the  centre  of  a  hollow  sphere 
i  feet  in  diameter,  its  light  will  fell  upon  the  whole  internal  surface 
of  the  sphere,  and  the  candle  will  be  i  foot  distant  from  each 
point :  a  square  inch  of  that  snrface  will  receive  a  given  amount 
of  light.  The  same  candle,  if  placed  in  the  middle  of  a  globe 
4  feet  in  diameter,  will  be  at  z  feet  distance  from  each  point  of  the 
surface,  or  at  double  the  distance  that  it  was  in  the  first  globe,  but 
its  light  will  still  illuminate  the  whole  of  the  interior.  The  surface 
of  the  second  globe,  however,  is  four  times  greater  than  that  of  the 
first,  because  the  surfaces  of  spheres  are  to  each  other  as  the 
squares  of  their  radii;  in  this  case  as  i*:  2',  or  as  I  to  4;  con- 
seqnently  each  point,  or  each  inch,  of  the  surfece  of  the  larger 
sphere,  will  receive  only  one-fourth  of  the  light  that  fell  on  an 
equal  space  in  the  smaller  globe,  and  yet  the  candle  is  only  twice 
as  far  from  it ;  so,  if  the  globe  were  8  feet  across,  the  distance  of 
the  candle  being  now  4  times  as  great  as  in  the  first  globe,  the  sur- 
face to  he  illuminated  is  16  times  as  large,  and  consequently,  a 
square  inch  of  the  8-foot  globe  would  receive  only  -^  of  the  light 
P      g  that  fell   on    a   square    inch    of  the 

2-feot  globe.  A  board  at  i  yard  fi¥>m 
a  candle  receives  a  certain  amount  of 
light,  at  2  yards  it  receives  i  of  that 
amount,  at  3  yards  ^,  at  4  yards  -^  : 
and  experiment  shows  that  a  board,  r 
square,  at  i  yard  distance,  would 
cast  a  shadov  titat  would  cover  a  board 
exposing  4  times  the  surface,  or  2  feet 
iu  the  side,  if  placed  at  a  distance  of  2 
yards,  as  shown  in  fig.'  67. 
{96)  Photometry. — An  application  of  this  law  affords  a  ready 
means  of  approximatively  determining  the  relative  intensities  of 
two  lights  which  do  not  differ  greatly  in  colour.  Suppose,  for 
instance,  it  were  necessary  to  ascertain  the  illuminating  power  of 
a  gas-light  burning  5  cubic  feet  of  gas  per  hour,  as  compu«d  with 
that  of  a  ^rm  candle  burning  132  gn.  of  spermaceti  per  hour : 
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— ^Place  at  the  distance^  say  of  loo  inches  from  the  gas-light^  a 
yertieal  screen  of  white  paper^  and  in  front  of  this^  at  an  inch 
distance^  a  narrow  strip  of  wood  or  metal,  so  as  to  cast  a  definite 
shadow.  Between  the  gas-light  and  the  screen  place  the  candle, 
at  snch  a  distance  that  the  shadow  of  the  same  object  cast  by  the^ 
candle  upon  the  screen  shall  have  as  nearly  as  possible  the  same 
intensity  as  that  produced  by  the  gas.  Say  that  the  distance  of 
the  candle  from  the  screen  is  2775  inches.  The  shadow  from  each 
light  is  illuminated  by  the  rays  proceeding  from  the  other  light. 
If  the  shadows  be  sensibly  equal,  the  amount  of  light  falling  upon 
the  screen  from  each  source  must  at  that  distance  be  equal  also : 
the  relative  intensities  of  the  two  lights  are  then  found  by  squaring 
the  distances  of  each  light  from  the  screen ;  the  gas-light  will  con- 
sequently cast  a  light  which  bears  the  same  proportion  to  that  of 
the  candle  as  100' :  2775';  or  as  16  to  i. 

When  light  falls  upon  any  object  it  may  be  disposed  of  in 
three  different  ways.  1st,  it  may  either  be  bent  back  or  reflected ; 
2nd,  it  may  be  allowed  to  pass  on  in  an  altered  direction,  that  is, 
it  may  be  transmitted  and  refracted ;  or  3rd,  it  may  disappear  alto^ 
gether,  and  be  absorbed. 

Reflection. 

(97)  Reflection, — If  a  ray  of  light  fall  obliquely  upon  a  flat, 
polished  surface,  a  large  proportion  of  the  incident  rays,  or  rays 
which  fiJl  upon  the  surface,  is  reflected  or  thrown  off  obliquely, 
at  an  angle  formed  on  the  other  side  of  a  perpendicular  to  the 
point  of  incidence,  equal  to  that  formed  between  the  incident  ray 
and  the  perpendicular.  Fig.  68  is  intended  to  illustrate  the  law 
of  reflection.  If  in  this  figure,  in  represent  the  incident  ray,  mm 
the  mirror,  pn  a  perpendicular  to  the  point  of  incidence,  pni  will 
be  the  angle  of  incidence,  nr  the  reflected  ray,  and  pnr  the 
angle  of  reflection  formed  between  the  same  perpendicular  and  the 
reflected  ray. 

The  law  which  regulates  the  reflection  of  light  is  expressed  by 
saying  that  '  the  angle  of  reflection  is  equal  to  the  angle  of  inci- 
dence*: the  incident  and  the  reflected  ray  are  always  in  the  same 
plane,  and  that  plane  is  perpendicular  to  the  reflecting  surface. 
When  the  incident  ray  is  perpendicular  to  the  surface,  the  reflected 
ray  is  therefore  also  perpendicular,  and  coincides  with  the  incident 
ray,  but  it  does  so  in  no  other  position. 

In  fig.  68,  the  angle  of  reflection,  pnr,  is  equal  to  the  angle 
of  incidence,  pni,  but  they  are  on  opposite  sides  of  the  perpen- 
dicular.    A  person  looking  into  the  mirror  at  r,  would  see  the 
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Fig.  68.  candle  behind  the  mirror.     An  object 

always  appears  to  lie  in  the  direction 
of  the  line  which  the  ray  last  traversed 
when  it  reaches  the  eye. 

The  power  of  reflecting  light  varies 
very  greatly  in  different  bodies.  In 
some,  as  in  the  metals,  reflection  is 
ahnost  perfect ;  in  others,  as  in  char- 
coal, or  in  black  velvet,  it  is  almost 
wanting;  but  whenever  light  passes 
out  of  one  medium  or  transparent 
body  into  another,  no  matter  how  per- 
fect the  transparency  of  such  media  may  be,  reflection  more  or 
less  complete  takes  place  at  their  common  surface,  and  the  greater 
the  difference  in  refractive  density  of  the  two  media,  the  more 
complete  is  the  reflection. 

Except  in  the  case  of  the  metals,  in  which  reflection  is  most 
complete  at  the  smaller  angle  of  incidence,  it  is  found  that  the 
greater  the  angle  of  incidence  the  more  complete  is  the  reflection ; 
so  that  the  sur£Eu;e  of  a  smooth  body,  such  as  plaster  of  Paris,  or  hot- 
pressed  writing-paper,  may  thus  afford  a  tolerably  perfect  image  of 
a  luminous  object,  if  the  reflection  be  effected  under  a  great  angle. 
Bodies  in  general  do  not  possess  surfaces  actually  flat ;  to  com- 
mon observation  they  may  be  flat,  but  when  optically  examined, 
their  sur&ce  is  found  to  consist  of  an  indefinite  number  of  minute 
planes  inclined  to  each  other  at  all  possible  angles,  and  therefore 
receiving  and  reflecting  light  in  all  possible  directions.  When  by 
the  operation  of  polishing  they  are  so  much  reduced  as  not  to  be 
elevated  or  depressed  more  than  about  the  millionth  of  an  inch, 
they  appear  to  become  incapable  of  acting  separately,  and  produce 
'  the  effect  of  a  uniform  surface.  (Young.)  If  a  beam  of  light  ad- 
mitted into  a  dark  room  fall  upon  a  bright  metallic  surface,  a 
brilliant  spot  of  light  will  be  perceived  in  one  particular  position, 
the  direction  of  which  can  be  varied  by  altering  the  inclination  of 
the  mirror  to  the  ray,  but  the  mirror  will  be  nearly  invisible  in 
all  other  directions,  and  the  room  will  remain  dark ;  but  if  for  the 
mirror  a  sheet  of  white  paper  be  Substituted,  the  paper  will  be 
visible  in  every  direction  almost  equally,  and  a  general  though 
slight  illumination  of  the  apartment  will  be  perceived.  It  is  this 
irregular  reflection  or  scattering  of  the  light  in  all  directions,  which 
renders  non-luminous  objects  distinguishable  in  the  light.  Tlic 
light  of  the  moon  and  of  the  planetary  bodies  are  instances  of  this 
kind.    A  further  evidence  of  the  value  of  this  scattering  or  secon- 
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dary  radiation,  is  afforded  by  the  difference  between  the  mild  and 
softened  light  which  is  reflected  from  the  heavens  when  partially 
covered  with  clouds,  and  the  strong  lights  which  fatigue  the 
eyesight  in  a  cloudless  summer's  day.  It  is  entirely  to  this 
secondary  radiation  that  we  owe  the  generally  diffused  and  sub- 
dued light  of  day,  even  when  the  sun  itself  may  be  invisible ;  and 
the  morning  and  evening  twilight,  while  the  great  luminary  itself 
is  below  the  horizon,  is  due  to  the  same  cause,  each  illuminated 
particle  of  the  atmosphere  contributing  its  share  in  producing 
this  effect. 

(98)  Reflection  from  Curved  Surfaces. — ^When  light  is  received 
upon  a  regular  curved  surface,  it  undergoes  reflection  according  to 
the  usual  law,  the  reflection  from  each  point  of  the  curved  sur- 
&ce  being,  in  fkct,  the  same  as  from  a  plane,  tangent  to  the 
curve  at  the  point  of  incidence.  If,  therefore,  the  form  of  a 
parabolic  concavity  be  given  to  a  mirror,  all  the  reflected  rays 
will  be  directed  towards  a  point  at  which  they  will  cross  each 
other,  and  continue  their  progress  as  before,  the  upper  ray  now 
becoming  undermost,  and  vice  versd.  This  point  of  intersection, 
is  called  the  focus  of  the  mirror. 

Let  H  M,  fig.  Fig.  69. 

69,  represent  the 
section  of  the 
curved  surface  ; 
eadi  of  the  rays 
L  R,  L  R,  will  be 
reflected  from  it 
as  from  planes  t  t, 
t'  t',  t"  t'',  tan- 
gent to  the  curve 
at  the   points  of 

incidence  of  the  respective  rays ;  they  will  consequently  meet  at 
the  focus  F,  cross  there,  and  subsequently  diverge,  p  r,  r  r  repre- 
sent the  lines  perpendicular  to  the  tangents. 

Uefraction. 

(99)  Simple  Refraction. — ^When  a  ray  of  light  falls  upon  the 
surface  of  an  imcrystallized  transparent  substance  of  uniform 
density,  one  portion  of  the  light  is  regularly  reflected,  and  another 
portion  is  scattered,  by  which  the  surface  is  rendered  visible, 
whilst  a  third  portion  is  transmitted.  We  will  now  confine  our 
attention  to  that  portion  of  the  light  which  is  transmitted.  If 
the  ray  be  incident  upon  the  surface  of  the  body  in  a  perpendi- 
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cular  (liroction^  it  continues  its  course  unchanged;  but  if  it  fall 
ij|K)n  the  surface  obliquely,  its  direction  is  suddenly  altered  as  it 
enters  the  transparent  medium;  it  then  passes  on  in  its  new 
direction  in  a  straight  line,  and  on  quitting  the  medium  it  is 
again  abruptly  bent  back  to  its  original  course,  provided  that  the 
surface  of  entrance  and  the  surface  of  exit  be  parallel  to  each 
other.    This  change  in  the  course  of  the  ray  is  termed  refraction. 

If,  in  fig.  70,  o  G  represent  a  section 
of  a  plate  of  glass  with  parallel  sides, 
a  ray  of  light,  i  l,  incident  upon  it, 
will  not  pass  straight  on  in  the  di- 
rection L  X,  but  will  be  deflected  to 
L  R,  towards  the  perpendicular,  f  q  ; 
on  quitting  the  medium  at  r,  it  is 
again  bent  out  of  its  new  direction, 
L  Y,  towards  s,  but  this  time  the  re- 
fraction is  from  the  perpendicular,  r  o, 
and  the  ray,  r  s,  becomes  parallel  to 
its  original  course,  i  x.  On  passing 
from  a  rare  medium  like  air,  into  a  dense  one  like  glass,  the  ray 
is  bout  towards  a  line  perpendicular  to  the  conunon  surfisu^  of  the 
two  media;  on  again  passing  out  from  glass  into  air,  or  from  a 
(Uniacr  to  a  rarer  medium,  it  is  bent  from,  the  perpendicular  to  the 
same  amount. 

DiflToreut  media  vary  greatly  in  refractive  power ;  combustible 
IkhIioa  in  general  hanng  the  highest  refiticting  euei^.  It  was 
U)H)U  this  general  obson-ation  that  Newton  founded  his  conjecture 
that  diamond  was  ^  probably  an  unctuous  substance  coagulated': 
the  combustibilitv  of  the  diamond  has  been  since  fuUv  verified. 

(ico)  Loir  qf  Ri^raciiom. — ^The  more  obliquely  the  light  falls 
upon  the  suriace  of  the  refracting  body  the  greater  is  the  amount 
of  Tvfractiou  whidi  the  ray  experiences.  The  extent  of  the  refine- 
11041,  therefiwe^  varies  with  the  angle  of  incidence,  but  by  a  know- 
led^  iif  the  &iUowiDg  law  it  may  easily  be  calculated  for  all 
anjrke  in  any  given  substance,  if  its  amount  for  any  one  angle 
lias  been  eaiefiiUy  determined  for  that  particular  substance. 
Tliis  law  of  refiractko  may  be  expressed  by  seating  that  when 
ti^t  (MiflQes  ftvMoa  C4ie  mediom  into  another,  '  for  the  same  two 
media,  the  sines  of  the  angles  of  refraction  and  of  incidence 
always  N*ar  the  same  proportioii  to  each  other.'  The  quotient 
obtaiflwd  by  diviiiBig  the  sine  of  the  an^  of  incidence  ta  racao 
Vr  tW  si:3be  of  the  angle  of  leoramn  in  any  mediam.  expresses 
tW  iaAur  ^  r^-arfiaa  of  dot  axdiBBi.     The  incident  and  die 
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T^racted  ray  are  always  on  opposite  sides  of  a  line  drawn  perpen- 
dicular to  the  commou  surface  of  the  two  media,  but  they  always 
lie  in  the  same  plane,  and  this  plane  is  perpendicular  to  the  sur- 
&ce  of  the  refracting  medium. 

Fig.  71  may  assist  in  explaining  this 
important  law.  Let  w  w  represent  a  sec- 
tion of  the  refracting  medinm,  1  l  the  in- 
cident  ray,  and  i  r  the  refracted  one. 
Let  p  L  Q  be  the  perpendicular  to  the  re- 
fracting surface,  passing  through  the  point  ^' 
of  incidence,  l.  With  any  radius,  l  b, 
describe  from  the  centre,  l,  the  circle, 
EH  p;  from  u  and  a  let  fall  the  perpen-  p—  -^y     .  '^^ 

diculars  h  n  and  rq,  on  p  q  ;   k  n  will   ^--^'  -^y" 

then  represent  the  sine  of  the  angle  of  ' 

incidence,  i  l  r,  and  r  q  the  sine  of  the  angle  of  refraction,  R  L  q ; 
and  ^  gives  the  index  of  refraction,  which  is  uniformly  the  same 
&>r  the  same  substance,  whatever  be  the  angle  of  refraction.  In 
the  diamond,  for  iastance,  u  n  is  always  2^  times  as  long  as  r  q  ; 
in  water  it  is  i  ^  times  the  length  of  a  q. 

The  following  table  contains  the  refractive  powers  of  a  few 
substances ;  the  light  being  supposed  to  pass  from  atmospheric  air. 


Diamond 

Fhotphonu      

Bisulphide  of  Carbon 

Book  Salt 

Qauti      

CutorOil... 


1548 
I  490 


Oil  of  Vitriol 
Alcohol     ...     . 

Ether 

Water 

Ice     

Tabwheer... 


1-308 


Biot  and  Arago  have  given  the  following  values  for  the  refrac- 
tive power  of  certain  gases  (Biot,  Traite  de  Physique,  iii.  306) : 
the  third  column  furnishes  the  absolute  value  under  a  pressure  of 
39-92  incbesof  mercury,  and  at  a  temperature  of  32°,  as  compared 


HhuoTOh. 

Sp.  Onnlj. 

"""='■" 

^=.<. 

Air      

I'OOOOO 

0-00058971 

I -00000 

Oiygen      

I  ■  10359 

0-96913 

o-^iSs 

I -03408 

Ammonia    

.-,6851 

15:961 

3S 

100476 

Hydrochloric  Acid 

1-34740 

r'9e^5 

*  The  specific  ferities  given  in  the  table  are  tiiose  on  which  the  calcala- 
tioni  were  founded;  but  aubsequent  obaerrationi  have  ihown  that  theae 
itumbers  requiie  alight  correction  for  manj  of  the  galea.  (146.) 
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with  the  refiracting  power  of  water  at  the  same  temperature ;  the 
fourth  column  shows  the  relative  refracting  power  of  the  different 
gases^  assuming  them  all  to  be  at  the  temperature  of  32^^  and  that 
each  has  been  reduced  by  compression  or  rarefaction  till  of  the 
same  specific  gravity  as  air;  air  being  taken  as  I'ooooOj  and  the 
incident  light  being  supposed  to  pass  from  a  vacuum  into  the 
various  media  under  examination. 

Many  familiar  phenomena  receive  an  easy  explanation  from  the 
law  of  refraction.  If  a  coin  be  placed  in  an  opaque  vessel,  and 
the  observer  retire  until  the  edge  of  the  basin  just  hides  it  from 
his  view,  the  coin  will  again  become  visible  if  water  be  carefully 
poured  in  without  disturbing  its  position ;  the  rays  of  light  pro- 
ceeding from  the  coin,  which  before  passed  above  the  eye  of  the 
observer,  are  now  abruptly  bent  downwards  from  the  perpendicular, 
as  they  emerge  into  the  air,  and  the  image  of  the  object  is  con- 
veyed to  the  eye.  The  coin  appears  to  be  raised,  but  never  dis- 
placed to  the  right  or  to  the  left  of  its  true  position ;  the  refracted 
ray,  notwithstanding  its  change  of  medium,  continues  in  the  same 
plane,  which  is  vertical  to  that  which  forms  the  common  surface 
of  the  refracting  media.  For  a  similar  reason  a  straight  stick 
plunged  obliquely  into  water  appears  to  be  bent  upwards  abruptly, 
where  it  enters  the  liquid. 

(loi)  Refraction  at  Inclined  Surfaces, — Since  the  refractive 
action  is  exercised  at  the  surface  of  junction  between  the  two 
media,  and  is  governed  by  the  inclination  of  the  ray  to  a  perpen- 
dicular to  tha,t  surface,  it  is  manifest  that  by  altering  the  inclina- 
tion of  the  surface  at  which  the  ray  passes  out  of  the  medium, 
the  inclination  of  the  emerging  ray  may  be  altered ;  so  that,  in- 
stead of  continuing  its  passage  in  a  direction  parallel  to  the  one 
which  it  possessed  on  entrance,  it  may  be  made  to  deviate  perma- 
nently from  this  to  a  greater  or  less  extent. 

If  6  G  o  (fig.  72),  repre- 
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sent  the  section  of  a  triangu- 
'  lar  prism,  or  bar  of  glass,  the 
incident  ray,  i  l,  on  entering 
this  medium  is  bent  towards 
the  perpendicular,  ?  p  :  on 
quitting  it  at  r,  it  is  bent 
from  the  perpendicular,  q  f, 
and  assumes  a  course,  r  s, 
permanently  deflected  from 
its  new  direction,  lt,  and 
from  its  (»riginal  direction  i  x. 
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This  deflection  is  always  towards  the  thick  part  of  the  prism.  By 
employing  two  such  prisms  set  base  to  base^  the  rays  may  be 
lefiracted  towards  one  common  line^  where  they  would  cross  and 
diverge ;  and  by  using  a  lens  of  glass  (fig.  73)^  with  two  convex 

Fio.  73. 


mrbceSy  which  are  segments  of  spheres^  the  incident  rays^  k  l^  r  l^ 
may  be  caused  to  converge  to  a  common  focus,  f  ;  each  portion  of 
the  curved  surface  refracting  the  ray  in  the  manner  of  a  plane, 
T  T,  t'  t',  t"  t' j  tangent  to  the  curve  at  that  particular  spot  or 
point  of  incidence. 

(102)  Total  Reflection. — In  the  passage  of  light  from  a  denser 
into  a  rarer  medium,  as  when  light  passes  fix)m  glass  into  air,  the 
obliquity  of  the  refracted  ray  increases  as  the  angle  of  incidence 
increases,  until  at  length  the  refracted  ray  becomes  parallel  to  the 
common  surface  of  the  two  media.  Light,  which  traverses  the 
denser  medium  and  becomes  incident  upon  this  common  surface 
at  an  angle  more  oblique  than  this,  ceases  to  be  refracted ;  refraction 
becomes  impossible,  and  the  ray  is  wholly  reflected  within  the 
denser  medium.  The  angle  of  inci- 
dence at  which  this  phenomenon  ^^^'  74- 
first  shows  itself  is  termed  the  angle  G^  ^ 
of  total  reflection.  In  fig.  74,  let  o  o 
represent  a  plate  of  glass  with  pa- 
rallel sides,  F  L  p  a  perpendicular  at 
the  point  of  incidence.  The  inci- 
dent ray,  a  l,  instead  of  passing  to 
a^,  would  be  refracted  fix>m  the  per- 
pendicular p  p  to  l  a  on  emerging 
into  the  air,  b  l  would  be  still  more 
refracted  from  l  £',  and  the  refracted  portion  l  b  would  be  nearly 
parallel  with  the  sur&oe  of  the  glass,  whilst  c  l  would  be  incapable 
of  refraction  at  all^  and  would  be  wholly  reflected,  as  to  l  c.  This 
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phenomenon  is  easily  seen  by  placing  the  back  to  the  light  and 
holding  a  glass  of  water  a  little  above  the  level  of  the  eye ;  on 
looking  obliquely  up  through  the  water,  a  spoon,  or  other  object 
placed  in  the  glass,  will  appear  to  be  perfectly  reflected  upon  the 
surface  where  the  liquid  and  the  air  meet.  The  same  thing  is 
seen  by  holding  a  glass  prism  horizontally  before  a  window,  and 
turning  it  slowly  round  while  the  observer  faces  the  window ;  on 
looking  down  into  the  prism,  the  internal  surface  of  each  face  in 
succession,  as  it  becomes  undermost,  reflects  the  light  with  the 
brilliancy  of  a  mirror. 

The  diamond  is  indebted  for  much  of  its  brilliancy  to  this 
total  reflection,  because  owing  to  the  high  refractive  power  of  this 
gem,  total  reflection  commences  at  small  angles  of  incidence. 

(103)  Measurement  of  Refractive  Power. — The  determination 
of  the  refr'acting  power  of  a  body  is  often  a  valuable  guide  in  es- 
timating its  chemical  purity.  The  adulteration  of  essential  oils 
may  thus  be  often  detected  with  ease,  where  it  would  otherwise 
be  difficult  to  ascertain  it. 

Wollaston  contrived  a  simple  means  of  determining  the  refrac- 
tive power  of  a  body  in  air,  dependent  upon  the  measurement  of 
the  angle  at  which  total  reflection  conmiences.     If  this  angle  be 
measured  in  a  glass  prism,  we  are  ftimished  with  the  means  of 
determining  the  refr-active  power  of  the  prism  in  air.     Say  that 
the  angle  c  l  p  (flg.  74),  at  which  total  reflection  of  the  incident 
ray  conmiences  in  the  prism,  is  found  to  be  39^  10' ;  the  refractive 
power  of  the  prism  in  air  is  calculated  by  dividing  the  sine  of  the 
angle  of  refraction  by  the  sine  of  this  angle  of  incidence :  but  the 
angle  of  refraction  at  which  total  reflection  begins  is  always  90^  ; 
the  refractive  power  therefore  is  ^^l^^^  or  i^fTf=i'583.     Now, 
cause  a  drop  of  any  liquid  to  adhere  to  the  under  surface  of  the 
prism  j  provided  that  the  refractive  power  of  the  liquid  be  less  than 
that  of  the  glass,  the  angle  of  total  reflection  will  be  increased : 
suppose  the  prism  be  moistened  with  water,  the  angle  of  total  re- 
flection will  now  be  57^®.  The  water  has  a  higher  refractive  power 
than  air,  consequently,  the  difference  in  refractive  power  between 
glass  and  water  being  less  than  that  between  glass  and  air,  the  angle 
of  incidence  required  to  produce  total  reflection  is  greater.  The  re- 
fractive power  of  the  substance  imder  trial  may  be  ascertained  by 
dividing  the  sine  of  its  angle  of  total  reflection,  under  these  cir- 
cumstances, by  the  sine  of  the  same  angle  for  the  glass  prism.  In 
the  case  of  water  the  refractive  power  is  g|^^  S^  ^!  or  ^^|tH= 1*336. 
The  re6racting  power  of  solids  with  flat  surfaces  may  be  determined 
in  the  same  way,  by  cementing  them  to  the  surface  of  the  prism 
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with  some  material  of  higher  refracting  power  than  the  glass^ 
sudi  as  balsam  of  tolu. 

Wollaston's  instrument,  fig.  75,  gives  at  once  the  refractive 
power  sought,  without  any  calculation. 


Fig.  75. 


On  a  board,  a  b,  ib  fixed  a  flat  piece  of  deal,  c  d,  to  which  by 
a  hinge  at  rf,  is  jointed  a  second  piece,  d  e,  10  inches  long,  carry- 
ing two  plane  sights,  s  and  s,  at  its  extremities ;  at  e  is  a  second 
hinge  connecting  it  with  e  f,  15*83  inches  long;  at  the  other 
extremity  of  c  /,  is  a  third  hinge  by  which  f  g  is  connected  with 
it ;  at  t  also  is  a  hinge  uniting  the  rod  i  g^  which  is  half  the  length 
of  e/,  to  the  middle  of  e  f ;  and  then,  since  g  moves  in  a  semi- 
circle, a  line  joining  e  and  g  would  be  perpendicular  \x>fg.  The 
piece  c  d  has  a  cavity  in  the  middle  of  it,  so  that,  when  any  sub- 
stance is  applied  to  the  under  surface  of  the  rectangular  glass 
prism,  p,  the  prism  may  continue  to  rest  horizontally  on  its  extre- 
mities. When  e  d  has  been  so  elevated  that  the  yellow  rays  in 
the  fringe  of  colours,  observable  where  perfect  reflection  terminates, 
are  seen  through  the  sights,  the  point  g,  by  means  of  a  vernier 
which  it  carries,  shows  upon  the  rule  /  g,  which  is  graduated  to 
fractions  of  an  inch,  the  number  of  inches  and  fractions  of  an 
inch  which,  when  divided  by  10,  gives  the  refractive  power  sought. 
The  lengths  of  the  pieces,  e  f  and  d  e,  are  proportional  to  the 
refractive  powers  of  the  prism  and  of  air.  If  the  dotted  line  at  p 
be  a  perpendicular  to  the  reflecting  surface,  I  p  will  represent  the 
incident  ray. — {Phil.  Trans,,  1802,  p.  367.) 

Wollaston  mentions  that  genuine  oil  of  cloves  had  a  refractive 
power  of  I '535,  but  that  some  of  inferior  quality,  which  had  pro- 
bably been  adulterated,  had  a  refractive  power  of  only  1*498. 

The  following  table  contains  some  of  the  results  obtained  by 
Wollaston  with  this  instrument : — 
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Eefractive  Power  of  Flint  Glass  Prism,  f=  1*583. 


Oil  of  Sassafras... 
OilofClores  ... 
Canada  Balsam... 
Capiyi  Balsam  ... 
Oil  of  Amber    ... 

Nutmeff ... 

Linseea  ... 

liemons  ... 


99 
»9 
»9 


... 
... 

•  •• 

•  .  . 


1*535 
1-528 

I '507 
I  505 

1*497 
1*485 
1-476 


Oil  of  Turpentine    . . . 

Bectified  <utto 

Oil  of  Almonds 

Olives    

Peppermint  ... 

Lavender 

Melted  Spermaceti ... 

Sulphuric  Acid 


ft 


»f 


99 


1-476 

1*470 

1-470 
1-469 

1-468 

1-467 

1446 

1*435 


(104)  Prismatic  Analysis. — Upon  examining  light  that  has 
undergone  refiraction  by  a  prism^  it  is  found  that  mere  change  in 
direction  is  only  one  of  the  phenomena  observable.  Suppose  a 
beam  of  light,  as  represented  at  s  l,  fig.  76,  be  admitted  through 


Fig.  76. 


a  small  slit,  s,  into  a  darkened  room,  and  be  there  received  upon 
a  prism,  p ;  if  the  light,  after  transmission  through  the  prism,  be 
allowed  to  fall  upon  a  white  screen,  v  r  x,  placed  at  a  distance  of 
eight  or  ten  feet, — ^instead  of  a  narrow  slit  of  white  light,  x,  cor- 
responding to  the  aperture,  an  elongated  coloured  image  of  the 
refracted  beam  is  seen,  as  at  y  r,  terminated  by  paraUel  ends,  and 
exhibiting  the  brilliant  hues  of  the  rainbow.  This  elongation 
occurs  in  the  plane  of  the  reflected  and  refracted  rays.  Such  a 
coloured  image  is  termed  the  prismatic  spectrum. 

Newton,  who  first  carefully  investigated  this  remarkable  fact, 
distinguished  seven  different  colours,  which  gradually  shade  off  one 
into  the  other,  viz.  violet,  indigo,  blue,  green,  yellow,  orange,  and 
red.  White  light  may  therefore  be  regarded  as  the  result  of  a 
mixture  of  rays  of  different  colours,  which  are  unequally  acted 
upon  by  the  prism.  Each  colour  has  its  own  peculiar  refrangibi- 
lity :  the  red  which  deviates  the  least  tram  its  original  course,  is 
least  refrangible,  and  the  violet  the  most  so;  whilst  the  inter- 
mediate colours  possess  intermediate  degrees  of  refirangibility. 
Having  once  been  separated  by  refraction,  no  second  refraction  is 
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capable  of  further  decomposing  any  of  these  colours.  They  may, 
however,  be  recombined  by  using  a  second  prism,  in  an  inverted 
position  (as  shown  by  the  dotted  lines  at  q,  fig.  76),  or  by  employ- 
ing, what  amounts  to  the  same  thing,  a  convex  lens,  in  which  case 
white  light  is  reproduced  at  the  focus  of  the  lens.  The  compo- 
sition of  white  light  may  be  illustrated  by  dividing  a  circular  disk 
of  paper  into  seven  sectors,  each  of  an  extent  corresponding  with 
the  extent  of  the  colour  in  the  spectrum,  and  painting  each  with 
its  appropriate  colour ;  on  causing  the  disk  to  rotate  rapidly  upon 
an  axis  passing  vertically  through  its  centre,  the  seven  impressions 
will  be  given  simultaneously  to  each  point  of  the  retina,  and  the 
paper  will  appear  to  be  of  a  greyish  white.  The  impossibility  of 
obtaining  pigments  of  the  exact  hue,  or  of  the  brilliancy  of  the 
coloured  light  of  the  spectrum,  renders  a  pure  white  unattainable 
by  this  means. 

(105)  IJieory  of  Colours. — Upon  this  decomposability  of  white 
light  Newton  founded  his  explanation  of  the  colours  of  natural 
objects : — ^The  objects  are  themselves  devoid  of  colour,  but  when 
placed  in  white  light  they  absorb  the  rays  of  one  or  more  colours, 
and  reflect  the  rest :  the  object,  therefore,  appears  to  be  of  the 
colour  that  would  be  produced  by  the  ray  or  mixture  of  rays  which 
it  reflects ;  green  objects,  for  example,  absorb  the  red  rays  and 
reflect  the  yellow  and  the  blue ;  purple  absorb  the  yellow,  and 
reflect  the  red  and  the  blue.  The  rays  thus  absorbed  are  said  to 
be  complementary  to  those  that  are  reflected ;  a  complementary 
colour  being  always  that  tint  which  when  added  to  the  primary 
colour  upon  the  eye  would  constitute  white  light.  This  theory  of 
colours  may  be  illustrated  by  placing  any  coloured  object  in  light 
of  one  tint,  or  homogeneous  light,  as  it  is  called,  such  as  that  of  an 
iK>lated  portion  of  the  spectrum.  A  purple  object,  for  instance, 
when  placed  in  the  blue  rays  will  appear  to  be  blue ;  if  placed  in 
the  red  rays  it  will  appear  to  be  red ;  and  a  white  screen,  which 
has  the  power  of  reflecting  all  the  colours,  wiU  take  any  tint  in  suc- 
cession, according  to  the  colour  of  the  incident  ray.  An  object  of 
a  pure  red,  on  the  contrary,  will  appear  to  be  black  in  any  but  the 
red  ray^  because  it  absorbs  all  the  other  colours  as  perfectly  as 
charcoal  or  black  velvet  absorbs  white  light  or  rays  of  all  colours. 

Hence  it  appears  that  white  light  may  be  decomposed  by  ab- 
sorption,  as  well  as  by  refraction  or  prismatic  analysis.  By  trans- 
mitting white  light  through  transparent  coloured  media,  we  may 
obtain  rays  of  any  given  tint :  the  light  thus  obtained  is  not  always 
the  same  as  that  produced  by  prismatic  analysis ;  by  transmission 
through  a  coloured  medium,  a  green,  for  instance,  may  be  obtained. 
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vliich  may  either  be  identical  with  the  green  separated  by  the 
prism,  and  then  it  eannot  farther  be  separated  into  its  components ; 
or  it  may  be  a  compound  colour  resulting  &om  the  intermixture 
of  rays  of  different  degrees  of  re&angibility,  and  in  this  case  it  is 
susceptible  of  further  decomposition.  The  coloured  light  that  is 
obtained  by  absorption  is  seldom  so  pure  as  that  furnished  by 
prismatic  decomposition. 

Gladstone  {Q.  J.  Chem.  Soc,  x.  79)  has  made  some  interesting 
observations  upon  the  relation  existing  between  the  chemical  com- 
position of  a  body  and  the  absorbent  efTect  which  it  exerts  upon 
transmitted  light.  His  experiments  were  performed  upon  sub- 
stances in  solution  which  were  placed  in  a  wedge-shaped  vessel  or 
hollow  prism,  with  the  view  of  aseertiiining  the  influence  of  dif- 
ferent thicknesses  of  hquid  upon  the  incident  light.  A  beam  of 
difliised  hght  was  admitted  through  a  vertical  slit  into  a  darkened 
chamber,  and  the  line  of  light  thus  obtained  was  allowed  to  fall 
upon  the  vessel  held  with  the  thin  edge  of  the  wedge  downwards, 
so  that  the  light  passed  through  different  thicknesses  of  the  solu- 
tion, from  the  thinnest  film  to  a  stratum  of  an  inch  in  depth. 
The  transmitted  light  was  then  examined  by  means  of  a  good 
prism.  The  light  which  passes  through  the  thinner  strata  yields 
a  spectrum  generally  differing  but  httle  &om  that  of  dayhght ; 
but  that  which  has  traversed  greater  depths  of  liquid  exhibits  a 
rapid  disappearance  of  certain  portions  of  the  rays,  whilst  other 
rays  are  but  Httle  affected.  Fig.  77,  [  shows  the  spectrum  ob- 
,  Fio.  77.  1.  Fid.  77.  3.  I 


C-    J'   iEHB  U     Odf  iSJt  »      Od  E  bEDB 

tained  by  transmitting  a  beam  of  daylight  through  a  dilute  solu- 
tion of  a  salt  of  cobalt,  which  appears  to  be  of  a  delicate  rose 
colour  to  the  unaided  eye.  The  same  salt  in  more  concentrated 
solutions  appears  to  be  of  a  rich  blue,  and  exhibits  a  spectrum 
shown  at  77,  a,  which  represents  the  appearance  of  the  spectrum 
fiimisbed  by  a  strong  solution  of  the  chloride  of  cobalt  in  alcohol. 
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The  letters  correspond  to  those  of  Fraunhofer's  lines  (106),  the 
right  hand  side  of  the  figures  indicating  the  red  end  of  the 
spectram ;  .the  lower  part  of  the  figure  shows  the  effect  of  the 
thinnest  stratum  of  liquid. 

It  was  ascertained  from  an  extensive  series  of  observations  made 
in  this  manner^  that  when  the  salts  formed  by  the  union  of  a 
coloured  base  with  different  colourless  acids  were  examined,  the 
compounds  of  the  same  base  nearly  always  exhibited  a  similar  ab- 
sorbent action  upon  the  spectrum.  Even  in  dichromic  media^  or 
solutions  which,  under  certain  circumstances,  appear  to  the  unaided 
eye  to  transmit  light  of  one  tint,  and,  under  certain  other  circum- 
stances,  to  transmit  light  of  a  different  tint,  this  law  generally 
holds  good.  An  exemplification  of  this  fact  is  seen  in  the  case  of 
the  chromic  salts,  some  of  which  exhibit  a  green  colour  when  in 
solution,  others  a  red  or  purple  hue.  Now  all  these  salts  furnish 
a  spectrum,  the  general  form  of  which  is  shown  in  fig.  78,  in 
which  the  indigo  and  the  green  rays  are  soon  cut  off,  whilst  the 
red  and  bluish-green  rays  are  comparatively  little  affected.  By 
some  salts,  such  as  the  acetate  of  chromium,  the  green  rays  are 
absorbed  much  more  rapidly  than  the  red,  and  hence  these  solu- 
tions have,  even  in  thin  layers,  a  red  colour:  others,  as  the 
chloride  of  chromium,  are  green  when  their  solutions  are  seen  in 
thin  layers,  but  look  red  or  purple  when  viewed  in  considerable 
mass  by  transmitted  light. 

Some  salts,  even  though  their  solutions  have  but  little  colour, 
fiimiBh  very  characteristic  spectra.  This  is  particulai'ly  the  case 
with  solutions  of  didymium,  which  are  of  a  feeble  rose  colour,  but 
they  exhibit  two  very  black  lines,  one  in  the  yellow,  the  other  in 
the  green.  These  lines  are  visible  in  the  spectrum  even  when  the 
•ohition  is  very  dilute,  and  they  may  be  employed  to  indicate  the 
pntence  of  small  quantities  of  didymium  in  solutions  of  lanthanum 
and  cerium^  in  which  no  such  lines  occur. 

In  artificial  fiames  it  is  very  generally  the  case  that  certain 
ooloars  are  present  in  smaller  proportion  than  others,  and  are  even 
sometimes  altogether  wanting.  Nitrate  ofstrontium,  for  instance, 
gives  a  red  tint  to  burning  bodies ;  and  the  prism  shows  that  in 
such  light  the  blue  and  violet,  or  more  refrangible  rays,  are  singu- 
larly deficient.  Common  salt  produces  in  burning  bodies  a  nearly 
pure  and  homogeneous  yellow  light,  which  may  be  used  to  iQus- 
trate  the  observations  just  made  upon  the  cause  of  colour  in 
natural  objects.  The  brilliant  colours  of  insects  or  of  the  plumage 
of  birds  strike  strangely  on  the  eye  when  seen  in  this  yellow  light. 
(105  a)  Dispersive  Power, — ^The  prismatic  analysis  of  white 
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light,  which  has  just  been  considravd,  is  not  due  entirely  to  the 
refractive  power  of  the  body  by  which  it  is  effected.  Another 
element  of  great  importance  is  the  ditpersive  power,  which  is  inde- 
pendent of  ita  refraction.  Two  substances  may  possess  an  equal 
amount  of  refracting  power,  in  consequence  of  which  the  mean 
deviation  of  the  rays  transmitted  will  be  the  same,  and  yet  the 
spectra  which  they  furnish  may  be  of  very  unequal  lengths.  If  a 
hoUow  prism  be  made  of  plates  of  glass,  and  filled  with  oil  of  cassia, 
the  spectrum  which  it  produces  will  be  more  than  double  the 
length  of  that  furnished  by  a  similar  prism  of  flint  glass.  The 
dispersive  power  of  oil  of  cassia  is  much  greater  than  that  of  flint 
glass,  especially  for  the  more  refrangible  rays  from  r  to  h,  and 
hence  there  is  a  great  difference  in  the  length  of  the  two  spectra, 
though  the  mean  refractive  powers  of  the  two  media  do  not  differ 
materially.  The  comparative  lengths  of  these  spectra,  as  obtained 
from  piisms  of  equal  angles,  are  given  in  fig.  79.  No  i  is  the 
spectrum  of  oil  of  cassia  j  2  that  of  flint  glass. 
Fia.  79. 


In  the  constructioQ  ot  achromatic  lenses,  two  media  which  differ 
in  dispersive  power  are  employed;  by  this  means  the  fringe  of 
colours,  which  is  always  perceptible  around  the  margin  of  an  object 
viewed  by  an  ordinary  lens  of  high  magnifying  power,  is  removed, 

Gladstone  and  Dale  have  recently  publi^ed  [Phil.  Trans.,  1858, 
p.  330)  the  results  of  an  inquiry  into  the  influence  of  tempera- 
ture upon  the  refractive  and  dispersive  power  of  bodies  upon  light, 
lliey  find  that  the  refractive  index  diminishes  in  every  substance 
as  the  temperature  increases.  The  degree  of  this  eensiliveness  to 
the  effect  of  heat  varies  much  in  different  substances ;  melted  phoa- 
pboms  and  bisulphide  of  carbon  being  the  most  sensitive,  and  water 
the  least  sensitive  of  the  bodies  experimented  on  by  them.  This 
sensitiveness,  however,  is  independent  of  the  refractive  or  the  dis- 
persive power  of  the  substance;  ether,  for  example,  being  much  more 
sensitive  than  water  to  the  action  of  heat,  though  the  refractive 
and  the  dispersive  powers  <tf  the  two  liquids  are  nearly  the  same. 
Those  bodies  which  expand  most  by  heat  are  generally  the  most 
sensitive.  No  sudden  change  of  sensitiveness  has,  however,  been 
observed  on  the  approach  of  the  liquid  to  the  boiling  point.     The 
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lefngtli  of  the  spectrum  also  decreases  as  the  temperature  rises^  the 
effect  of  heat  being  most  marked  in  those  substances  which  hare 
the  highest  dispersive  power.  The  dispersive  power  is  invariaUy 
diminished  by  rise  of  temperature^  though  not  at  the  same  rate  as 
the  refiractive  index,  which  is*  found  to  diminish  in  proportion  as 
the  denaitj  diminishes  {Proceed.  Roy.  Soc,  xii.  450). 

(106)  Fixed  Lines  in  the  Solar  Spectrum;  Fraunhafer^i  Linei ; 
Bright  lines  in  Artificial  Lights. — Newton,  by  admitting  a  beam 
of  solar  light  through  a  small  circular  aperture  into  a  darkened 
room,  and  allowing  it  to  fall  upon  a  triangular  prism  of  glass, 
obtained  the  magnificent  coloured  image  known  as  the  solar  spec^ 
irum,  which  shades  off  by  insensible  gradations  firom  the  least  re- 
fracted Fed  into  the  most  refracted  or  vicdet  portion  of  the  light. 
But  it  does  not  ajqpear  that  any  one,  till  WoUaston^s  time,  a  century 
later,  examined  the  effect  of  admitting  the  light  through  a  narrow 
slit,  with  sides  parallel  to  those  of  the  prism,  and  viewing  it  di- 
rectly by  placing  the  eye  immediately  behind  the  prism  {PhU.  TVans., 
1802,  p.  378).  Wollaston  found  that  the  spectrum  so  obtained 
was  not,  as  it  appeared  to  be  by  the  ordinary  mode  of  examination, 
a  continuous  stripe  of  light,  but  that  it  was  crossed  at  right  angles 
to  its  lei^th  by  dark  bands. 

It  was  not,  however,  till  18 15,  that  these  dark  bands  were 
carefrilly  examined,  when  the  celebrated  German  optician,  Fraun- 
hofer,  published  a  minute  description  of  them,  accompanied  by  a 
careful  map,  in  which  he  figured  more  than  six  hundred  of  these 
lines,  which  have  ever  since  borne  the  name  of  Fraunhofer's  lines. 
The  more  important  of  these  Unes  he  distinguished  by  the  letters 
of  the  alphabet,  and  in  the  uppermost  spectrum  shown  in  figs.  80 
and  82,  a  few  of  them  are  given  as  points  of  comparison  with 
other  spectra. 

In  order  to  observe  these  lines,  the  sun's  light,  after  admission 
through  a  narrow  vertical  slit  into  a  darkened  room,  was  allowed 
to  fall  upon  a  prism  placed  with  its  axis  parallel  to  the  slit^  and  at 
a  distance  of  about  twenty-four  feet  from  it.  The  prism  was  fixed 
before  the  object-glass  of  a  telescope,  of  low  power,  in  such  a 
manner  that  the  angle  formed  by  the  incident  light  with  the  first 
fece  of  the  prism,  was  equal  to  that  formed  by  the  refracted  beam 
with  the  second  face,  so  that  the  position  of  the  prism  was  that  in 
which  ^e  light  is  subjected  to  the  minimum  amount  of  deviation. 
This  is  consequently  generally  spoken  of  as  the  position  of  minimum 
demotion.  Under  these  circumstances  he  observed  numberless 
vertical  lines,  varying  in  breadth  and  in  strength  in  different  parts 
of  the  spectrum.     These  bands  were  always  visible,  whatever  was 
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the  solid  or  liquid  medium  used  in  the  construction  of  the  prism, 
and  whether  its  re&acting  angle  were  great  or  small ;  and  under 
all  circumstances  they  preserved  the  same  relative  position  in  the 
respective  coloured  spaces  in  which  they  occur.  This  fixed  position 
has  enabled  the  optical  observer  to  use  these  lines  as  points  of  re- 
ference by  which  the  refractive  indices  of  a  great  variety  of  bodies 
have  been  determined  with  precision. 

When,  however,  the  source  of  the  light  was  varied,  as  if  the 
flame  of  a  candle,  the  light  of  the  fixed  stars,*  or  the  spark  from 
the  electrical  machine  was  made  use  of,  a  difierent  set  of  lines  was 
in  each  case  observed  to  occur. 

Beyond  this  fact, — viz.,  the  dependence  of  the  position  of  the 
lines  upon  the  source  of  the  light  employed — Fraunhofer  was  unable 
to  aflcertain  anything  connected  with  their  cause. 

The  inquiry  thus  launched  by  Fraunhofer  has  been  followed  in 
four  principal  branches  of  research,  which  may  be  described  as 
relating  to — 

a.  Cosmical  lines,  or  the  black  lines  produced  in  the  light  of 
the  sun,  the  planetary  bodies,  and  the  fixed  stars. 

b.  Black  lines  produced  by  absorption,  a  class  of  phenomena 
discovered  by  Sir  D.  Brewster,  in  his  observations  upon  the  red 
vapours  of  nitrous  acid. 

c»  Bright  lines  produced  by  the  electric  spark  when  taken 
between  difierent  conductors. 

d.  Bright  lines  produced  by  coloured  flames  or  by  the  introduc- 
tion of  difibrent  substances  into  flame. 

I  shall  enter  into  some  detail  upon  this  subject,  which  has  ac- 
quired great  interest  and  importance  from  the  recent  remarkable 
investigations  of  Kirchhofi*  and  Bunsen. 

a.  The  cosmical  lines  admit  of  partial  reproduction  by  means 
of  photographs  of  the  spectra  in  which  they  occur.  Most  of 
these  lines  shown  by  the  photograph  are,  however,  invisible  to  the 
eye,  as  they  occur  in  that  part  of  the  spectrum  which  is  more  re- 
frangible than  even  the  violet  rays.  Edmond  Becquerelf  was  the 
first  who  received  the  impression  of  the  spectrum  with  suitable 


*  The  Moon  and  the  planets,  including  Yenus,  Jupiter,  Saturn,  and 
Mars,  exhibit  lines  corresponding  with  those  of  the  Sun.  Sinus  shows 
difierent  lines,  and  Castor  others  somewhat  similar.  Amongst  the  lines  of 
Procvon,  Fraunhofer  recognised  the  solar  line  d,  and  in  those  of  Capella  and 
Betelgeux,  both  d  and  b  (Brewster's  Edin.  Joum,  Science,  1828,  vol.  viii.  p.  7.) 
Subsequent  observations  have  shown  that  Arcturus,  Aldebaran,  /9  Pegasi,  and 
h  Yirgmis,  are  especially  remarkable  for  the  strength  and  number  of  the  lines 
by  which  their  spectra  are  traversed. 

t  Biblioth^que  Universelle  de  Geneve,  August,  1842,  No.  80;  or  Taylor's 
Scientific  Memoirs,  ii.  537. 
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precautions  upon  a  Daguerreotype  plate;  and  he  made  the  important 
and  interesting  discovery  that  the  inactive  spaces  in  the  portion  of 
the  chemical  spectrum  produced  by  visible  rays,  correspond  ac- 
curately with  the  dark  lines  of  Fraunhofer, — a  discovery  imme- 
diately afterwards  corroborated  by  the  independent  observations  of 
Draper,  of  New  York,  and  subsequently  confirmed  in  a  remark- 
able manner  for  the  invisible  rays,  by  Stokes,  who  {Phil.  TVans,, 
1852)  succeeded  in  rendering  the  lines  in  the  most  refrangible  and 
extra-violet  portions  apparent  to  the  eye,  by  his  discovery  that  the 
fluorescent  power  of  the  spectrum  was  interrupted  by  inactive 
spaces,  the  position  of  which  corresponded  accurately  with  the 
lines  observed  by  Becquerel. 

b.  The  absorption  bands  produced  by  coloured  gases  were  first 
indicated  in  1832  by  Brewster  {PhiLMag.,  May,  1836,  viii.  384), 
who  found  that  the  brownish-red  vapours  of  nitrous  acid  have  the 
remarkable  power  of  absorbing  the  sun's  rays  in  such  a  manner  as 
to  produce  a  series  of  dark  bands  in  the  light  when  transmitted 
through  it.  Professors  W.  H.  Miller  and  Daniell  subsequently 
showed  that  the  same  efiect  is  produced,  whatever  be  the  source 
of  light  employed.  In  the  course  of  this  investigation,  an  im- 
portant observation  was  made  by  Brewster,  who  noticed  distinct 
lines  and  bands  in  the  red  and  green  spaces,  which  at  other  times 
whoUy  disappeared.  This  he  found  to  be  due  to  an  absorptive 
action  of  the  earth's  atmosphere ;  for  these  bands  were  only  visible 
when  the  sun  approached  the  horizon.  A  few  years  later  I  had 
an  opportunity  myself,  whilst  examining  the  spectrum  of  difiused 
daylight  in  the  afternoon  during  a  violent  thundershower,  to  ob- 
serve the  sudden  appearance  of  a  group  of  lines  in  the  brightest 
part  of  the  spectrum,  between  d  and  e,  increasing  in  distinctness 
with  the  violence  of  the  shower,  and  fading  and  disappearing  as 
the  rain  passed  away.  These  observations,  therefore,  prove  that 
certain  of  the  fixed  lines  in  the  solar  spectrum  are  dependent  in 
part  at  least  upon  the  absorptive  action  exerted  by  the  earth^s 
atmosphere.  But  the  larger  portion,  it  is  supposed,  are  due  to 
another  cause,  first  suggested  by  Kirchhofl:  Miller,  of  Cambridge, 
in  conjunction  with  Daniell,  followed  up  these  experiments,  and 
showed  that  other  coloured  vapours — viz.,  those  of  bromine,  iodine, 
and  enchlorine — possess  this  property  [Phil.  Mag.,  1833,  ii.  381). 

Twelve  years  afterwards  I  myself  made  a  niunerous  series  of 
experiments  upon  the  same  subject  [Phil.  Mag.  xxvii.  81).  The 
result  of  these  experiments  showed  that  mere  existence  of  colour 
in  a  vapour  does  not  indicate  of  necessity  the  existence  of  bands 
in  its  spectrum.     The  red  vapours  of  chloride  of  tungsten  give  no 
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lines,  while  bromine,  which  has  to  the  eye  the  same  colour,  gives 
a  remarkable  series. 

The  probable  position  of  the  lines  cannot  be  inferred  from  the 
colour  of  the  gas :  with  the  green  perchloride  of  manganese  the 
lines  are  moat  abundant  in  the  green,  whilst  with  the  red  vapours 
of  nitrous  acid  they  increase  in  number  and  density  sa  they  ad- 
vance towards  the  blue  end  of  the  spectrum.  Simple  bodies,  as 
well  as  compounds,  may  produce  lines ;  and  two  simple  bodies, 
which  singly  do  not  produce  them,  may  in  their  compounds  occa- 
sion them  abundantly ;  e.g.  neither  oxygen,  nitrc^n,  nor  chlorine, 
when  uncombined,  occasjou  lines,  but  some  of  the  oxides,  both  of 
nitrogen  and  of  chlorine,  exhibit  the  phenomena  in  the  most 
strilcing  manner.  There  are,  however,  oxides  both  of  nitrogen 
and  chlorine,  some  of  them  coloured,  which  do  not  occasion  the 
appearance  of  bnes.  We  find  also  that  lines  may  exist  in  the 
vapour  of  simple  substances,  as  in  iodin^  which  disappear  in  their 
compounds.  This  is  exemplified  in  the  case  of  hydriodic  acid. 
Sometimes  the  same  lines  are  produced  by  different  degrees  of  oxi- 
dation of  the  same  substances,  a  remaiiable  instance  of  which  is 
furnished  in  the  oxides  of  chlorine.     In  iig.  80,  No.  i  shows  the 
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principal  dark  lines  of  the  pure  solar  spectmm  j  2  represents  the 
effect  of  bromine;  3,  that  of  peroxide  of  nitrogen,  the  system  of 
lines  which  it  famishes  being  total^  diflferent  from  that  of  bromine, 
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notwitlistandiDg  the  cloee  resemblance  in  colour  of  the  two  vapours ; 
4  shows  the  lines  in  the  green  vapours  of  oxychlonde  of  manganese. 

c.  On  the  Spectra  of  the  Electric  Spark. — ^Wollaston  {Phil. 
Trans.,  iSoi)  observed  that  the  spectrum  of  the  electric  spark  is 
not  continuous,  and  that  it  differs  from  that  of  ordinary  sunlight, 
M  well  as  firom  that  furnished  by  the  light  of  a  candle.  Fraun- 
bofer  also  made  a  similar  observation ;  but  the  first  person  who 
called  attention  to  the  important  fact  that  the  nature  of  the  me- 
talB  employed  modifies  the  resulting  spectrum,  was  Wheatstone, 
who,  at  the  Dublin  meeting  of  the  British  Association  for  1835, 
read  a  paper  "  On  the  Prismatic  Decomposition  of  the  Electric, 
Voltaic^  and  Electro-Magnetic  Sparks/^  In  the  abstract  published 
in  the  Report  of  the  Proceedings  of  the  Association  for  that  year,  the 
author  states  that  the  spectrum  of  the  electro-magnetic  spark  taken 
from  mercury,  as  well  as  from  zinc,  cadmium,  tin,  bismuth,  and 
lead  in  the  melted  state,  consists  of  definite  rays  separated  by  dark 
intervals  from  each  other ;  but  the  number,  position,  and  colonics 
of  the  lines  vary  in  each  case.  The  appearances  are  so  different 
that  by  this  mode  of  examination  the  metals  may  be  readily  dis- 
tinguished from  each  other.  When  the  voltaic  spark  from  mer- 
cury was  taken  successively  in  the  ordinary  vacuum  of  the  air-pump, 
in  the  Torricellian  vacuum,  and  in  carbonic  acid  gas,  the  same 
lesalts  were  obtained  as  when  the  experiment  was  performed  in 
aa%  or  in  oxygen  gas.  The  light  therefore  does  not  arise  from  the 
ooQubastion  of  the  metal. 

Masson,  in  185 1  and  1855,  in  the  course  of  his  investigations 
0tL  electric  photometry  {Ann.  de  Chimie,  III.  xxxi.  295,  and  xlv. 
387)9  examined  the  spectra  produced  by  various  metals  which  were 
mployed  as  dischai^ers  to  the  Leyden  jar,  and  also  when  heated 
liy  tlie  voltaic  arc,  and  gave  drawings  of  the  different  spectra, 
BMde  by  means  of  the  camera  lucida.  The  spectra  which  he  has 
fpewea  of  the  same  metals  as  those  examined  by  Wheatstone,  are 
aniGh  more  complicated  than  those  described  by  the  English  phi- 
ksoplier.  These  discrepancies  were  subsequently  explained  by 
AngBtrom  {Phil.  Mag.,  1855,  p.  329),  who  showed  that  owing  to 
tbe  intense  heat  of  the  electric  discharges  employed  by  Masson, 
lie  obtained  two  spectra  simultaneously,  one  due  to  the  metal,  the 
Otker  to  the  atmosphere  itself,  which  became  ignited.  Certain  lines 
remarked  by  Masson  as  common  to  the  spectra  of  all  the  metals 
were  really  these  atmospheric  lines.  By  causing  the  spark  to  pass 
between  the  same  metals  when  immersed  in  various  gases,  the 
particular  lines  due  to  the  metal  remained  unaltered,  whilst  the 
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Others,  due  to  the  gaseous  medium,  disappeared,  and  were  replaced 
by  new  lines.  Angstrom,  in  the  course  of  his  paper,  suggests, 
though  he  does  not  distinctly  state,  the  explanation  of  Fraunhofer^s 
dark  lines,  subsequently  brought  forward  by  KirchhofF. 

In  1858  and  1859,  an  important  series  of  investigations  was 
published  by  Pliicker  [Poggendorff^s  Annul. ,  ciii.  88,  151,  civ. 
113,  622,  cv.  87,  cvii.  77,  498),  relating  to  the  character  of  the 
electric  light  produced  by  transmitting  the  secondary  discharge 
from  Ruhmkorff^s  coil  through  narrow  tubes  filled  with  different 
gases,  and  subsequently  exhausted  as  completely  as  possible.  Va- 
cuous tubes  were  thus  obtained  with  only  imponderable  traces  of 
various  gases  and  vapours,  including  oxygen,  hydrogen,  nitrogen, 
chlorine,  bromine,  and  iodine.  Pliicker  found  that  each  exhausted 
tube  gave  its  own  characteristic  spectrum,  and  he  measured  with 
great  care  the  principal  lines  visible  in  each.  These  results  are 
very  important  in  relation  to  Kirchhoff's  theory  of  the  cause  of 
the  dark  lines,  which  requires  that  the  position  of  the  bright  lines 
thus  obtained,  should  coincide  with  the  black  lines  produced  by 
absorption  when  light  is  transmitted  through  these  different  gases. 
Pliicker's  experiments  show  distinctly  that  this  is  not  the  case  in 
these  gases.  Dr.  Robinson  has  also  recently  investigated  the 
effect  of  varying  the  pressure  upon  the  nature  of  the  electric 
spectrum  of  an  incandescent  gas  {Phil,  Trans. ,  1862) :  he  finds 
that  the  light  is  the  most  intense  under  ordinary  pressures,  though 
at  low  pressures,  lines  appear  which  are  not  visible  at  the  ordinary 
tension  of  the  gases. 

Van  der  Willigen  {Poggendorff^s  Annal,  cvi.  617)  made  the 
interesting  remark  that,  by  placing  in  succession  upon  a  pair  of 
wires  consisting  of  a  metal  which,  like  platinum,  possesses  few 
special  bands  of  its  own,  small  quantities  of  weak  solutions  of 
chloride  of  calcium,  chloride  of  barium,  chloride  of  strontium, 
nitrate  of  calcium,  8m;.,  new  metallic  bands  are  produced,  and  these 
bands  are  characteristic  of  the  particular  metal  contained  in  each 
of  these  several  compounds. 

rf.  Spectra  of  Coloured  Flames. — The  first  person  who  seems  to 
have  analysed  coloured  flames  by  means  of  the  prism,  was  Sir  J. 
Herschel,  who  describes  briefly  [Edin.PhiL  TVans.,  1822,  p.  455), 
the  spectra  of  muriate  of  strontia,  muriate  of  lime,  chloride  and 
nitrate  of  copper,  and  boracic  acid.  The  same  observer,  in  the 
article,  Light,  Encycl.  Metrop.,  1827,  p.  438,  says : — "  Salts  of  soda 
give  a  copious  and  purely  homogeneous  yellow,  of  potash  a  beau- 
tiful pale  violet  :^'  and  he  then  gives  a  general  statement  of  the 
results  with  the  salts  of  calcium,  strontium,  lithium,  barium,  copper, 
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and  iron.  He  further  continues^ — "  Of  all  salts  the  muriates 
succeed  best,  fix)m  their  volatility.  The  same  colours  are  exhibited 
also  irhen  any  of  the  salts  in  question  are  put  in  powder  into  the 
wick  of  a  spirit-lamp.  The  colours  thus  communicated  by  the 
different  bases  to  flame,  afford  in  many  cases  a  ready  and  neat 
way  of  detecting  extremely  minute  quantities  of  them.'^ 

The  analysis  of  the  spectra  of  artificial  lights  was  resumed  by 
Fox  Talbot  in  1826,  in  vol.  v.  of  Brewster's  Journal  of  Science, 
He  there  describes  a  method  of  obtaining  a  yellow  monochromatiq 
light  by  the  use  of  an  ordinary  spirit-lamp  with  a  cotton  wick 
fed  with  dilute  alcohol  holding  common  salt  in  solution.  He 
found  the  same  effect  whether  muriate,  sulphate,  or  carbonate  of 
sodium  was  employed. 

Nitrate,  sulphate,  chlorate,  and  carbonate  of  potassium  agreed 
in  giving  a  bluish- white  tinge  to  the  flame.  By  burning  a  mixture 
of  nitre  and  sulphur,  he  observed  a  red  ray  of  low  but  definite 
refrangibility,  which  he  regarded  as  characteristic  of  the  salts  of 
potassium,  as  the  yellow  ray  is  of  the  salts  of  sodium.  He  con- 
cludes his  paper  with  the  following  observation,  which  follows 
some  remarks  upon  some  experiments  of  HerschePs : — "  If  this 
opinion  should  be  correct  and  applicable  to  the  other  definite  rays, 
a  glance  at  the  prismatic  spectrum  of  a  flame  may  show  it  to  con- 
tain substances  which  it  would  otherwise  require  a  laborious 
chemical  analysis  to  effect.'' 

In  the  Phil,  Mag,  for  1834,  vol.  iv.  p.  114,  Mr.  Talbot  further 
showed  how,  notwithstanding  the  similarity  in  colour  of  the  light 
of  lithium  and  strontium,  they  can  at  once  be  distinguished  by 
means  of  the  prism.  He  says, — *^  The  strontia  flame  exhibits  a 
great  number  of  red  rays,  well  separated  irom  each  other  by  dark 
intervals,  not  to  mention  an  orange  and  a  very  definite  bright  blue 
ray.  The  lithia  exhibits  one  single  red  ray.  Hence  I  hesitate 
not  to  say  that  optical  analysis  can  distinguish  the  minutest  portions 
of  these  two  substances  fix)m  each  other  with  as  much  certainty, 
if  not  more,  than  any  other  known  method." 

The  spectra  of  coloured  flames  were  further  examined  in  1845 
by  myself,  and  an  account  of  these  experiments  was  given  in  a 
paper  read  that  year  before  the  Chemical  Section  of  the  British 
Association,  at  Cambridge.    [Phil,  Mag,^  xxvii.  81.) 

In  these  experiments  an  alcohol  lamp,  fed  with  a  solution  of 
the  compound  the  flame  of  which  was  to  be  examined,  and  a  com- 
mon wick  supported  in  a  small  glass  tube,  furnished  the  flame. 
The  lamp  was  placed  opposite  the  vertical  slit  through  whith  dif- 
fiised  daylight  could  also  be  transmitted  at  pleasure.     Fraunhofer'ft 
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lines  thus  served  ss  points  of  comparison  of  the  different  fiuues. 
The  p^>er  was  illustrsted  by  coloured  litht^rsphs  of  various  apec- 
tra,  including  those  of  chloride  of  copper,  boracic  acid,  nitrate  of 
strontium,  cUoride  of  calcium,  and  chloride  of  barium,  in  minute 
detail.  The  green  light  produced  by  burning  a  sqlntion  of  chloride 
(^  copper  in  alcdiol,  for  instance,  gives  the  spectrum  shown  in 
fig.  80,  No.  j,  and  that  furnished  hj  an  alcoholic  solution  of 
boracic  acid  is  represented  in  No.  6.  Numerous  other  spectra 
were  also  described,  incloding  those  of  the  chlorides  of  sodium, 
manganese,  and  menary,  and  of  a  large  number  of  other  metals. 
(107)  Spectrum  Aaah/ta. — But  it  is  to  Kirchhoff  and  Bunsea 
{Poffffendorff's  Aiatal.,  ex.  p.  161)  that  we  are  indebted  for  re- 
ducing the  prismatic  observation  of  flame  tinged  by  the  salts  of 
different  metals  to  a  umple  and  systematic  method  of  qualitative 
analysis  for  the  alkalies  and  alkaline  earths ;  and  they  have  con- 
trived a  speclrogcope  by  which  the  different  spectra  may  be  con- 
Teniently  examined  and  compared  with  one  another.  Fig.  81 
Fio.  Si. 


exhibits  the  instrument  in  its  nkost  complete  form  {Poggettdorff's 
Amtal.,  cziii  374}.  It  is  an  improvement  ou  the  instrument 
used  by  Swan  and  by  Masson ;  including  a  scale  for  ascertaining 
the  position  of  the  tines  in  different  cases,  as  well  as  a  reflecting 
prism,  by  which  two  spectra  can  be  compared  side  by  side,  r  re- 
{H^esents  a  flint-glass  prism,  supported  on  the  cast-iron  tripod,  r, 
aad  letained  in  its  place  by  the  spring,  c.  At  the  end  of  the 
tnbe.  A,  nearest  the  prism,  is  a  lens,  placed  at  the  distance  of  its 
ibcos  for  jKirallel  rays  from  a  vertical  slit  at  the  other  end  of  the 
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tube.  The  width  of  the  slit  can  be  r^ulated  by  means  of  the 
sorew^  e.  One-half  of  this  slit  is  covered  by  a  small  rectangular 
prism  designed  to  reflect  the  rays  proceeding  from  the  source  of 
lights  D,  down  the  axis  of  the  tube,  whilst  the  rays  from  the 
flOUTce  of  light,  e,  pass  directly  down  the  tube.  By  this  arrange- 
ment the  observer  stationed  at  the  end  of  the  telescope  b,  is  able 
to  compare  the  spectra  of  both  lights,  which  are  seen  one  above 
the  other,  and  he  can  at  once  decide  whether  their  lines  coincide 
or  difiSer.  a  and  b  are  screws  for  adjusting  the  axis  of  the  telescope  so 
as  to  bring  any  part  of  the  slit  at  e  into  the  centre  of  the  field  of 
vision.  The  telescope,  as  well  as  the  tube,  c,  is  moveable  in  a  hori- 
zontal plane,  around  the  axis  of  the  tripod.  The  tube  c  contains  a 
lens  at  the  end  next  to  the  prism,  and  at  the  other  end  is  a  scale 
fi>rmed  by  transparent  lines  on  an  opaque  ground.  When  the 
telescope  has  been  properly  adjusted  to  the  examination  of  the 
spectrum,  the  tube  c  is  moved  until  it  is  placed  at  such  an  angle 
with  the  telescope  and  the  face  of  the  prism,  that  when  a  light  is 
transmitted  through  the  scale,  the  image  of  this  scale  is  reflected 
into  the  telescope  from  the  face  of  the  prism  nearest  the  observer. 
This  image  is  rendered  perfectly  distinct  by  pushing  in  the  tube 
which  holds  the  scale  nearer  to  the  lens  in  c,  or  withdrawing  it  to 
a  greater  distance,  as  may  be  required.  The  reflected  lines  of  the 
scale  can  then  be  employed  for  reading  off  the  position  of  the  bright 
or  dark  lines  of  the  spectrum,  as  both  will  appear  simultaneously, 
overlapping  each  other,  in  the  field  of  the  telescope.  By  turning 
the  tube  c  round  upon  the  axis  of  the  tripod,  any  particular  line 
of  the  scale  can  be  brought  to  coincidence  with  any  desired  line 
of  the  spectrum.  Stray  light  is  excluded  by  covering  the  stand, 
the  prism,  and  the  ends  of  the  tubes  adjoining  it,  with  a  loose 
black  cloth.  The  dispersive  power  upon  the  spectrum  may  be 
much  increased  by  using  several  prisms  instead  of  one :  in  the 
experiments  of  Kirchhoff  upon  the  solar  spectrum,  he  used  four 
prisms;  and  Gassiot  has  used  an  apparatus  with  nine  prisms. 
Much  care  is  required  in  placing  the  prisms :  the  refracting 
edge  of  each  prism  must  be  truly  vertical,  and  the  position  of 
minimum  deviation  for  the  rays  to  be  observed  must  be  obtained. 
The  extraordinary  delicacy  of  certain  of  these  spectrum  re- 
actions was  indicated  by  Swan  {Edin.  Phil,  Trans.,  1857,  xxi. 
411),  who  measured  it  for  sodium,  by  the  only  accurate  method, 
namely,  by  dissolving  a  weighed  quantity  of  the  salt  in  a  known 
quantity  of  water,  and  he  thus  determined  with  precision  the  limit 
of  the  reaction.  Bunsen  and  Kirchhoff  attempted  to  estimate  the 
sensitiveness  of  the  reaction  by  deflagrating  a  given  weight  of  the 
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various  salts  in  the  room  in  which  they  were  experimenting,  and 
diflusing  the  vapour  mechanically  through  the  air,  increasing  the 
quantity  of  the  salt,  until  a  gas  flame  showed  the  reaction  of  the 
peculiar  metal,  due  to  particles  in  suspension.  But  it  is  obvious 
that  this  ingenious  method  does  not  admit  of  precision,  and  is 
liable  to  lead  to  an  exaggerated  estimate  of  the  delicacy  of  the 
reaction,  from  the  impossibility  of  ensuring  uniformity  in  the 
division  of  the  salt. 

The  sodium  reaction  is  the  most  sensitive  of  all ;  by  its  means 
Swan  could  detect  sTirh-oiro  of  ^i  grain  of  sodium ;  and  so  exten- 
sively is  common  salt  difiused,  that  scarcely  any  flame  can  be  ob- 
tained in  which  the  indication  of  sodium  is  absent. 

Having  observed  the  position  of  the  bright  lines  produced  by 
introducing  into  the  flame  of  a  Bunsen  gas-burner  the  salts  of  the 
various  alkalies  and  alkaline  earths,  each  of  which  had  been 
purified  for  these  experiments  with  great  care,  they  constructed  a 
chart  in  which  the  difierent  lines  were  laid  down  for  each,  and 
were  able,  by  observing  the  position  of  the  lines  obtained  when  a 
mixture  of  various  salts  was  introduced  into  the  flame,  to  ascer- 
tain the  presence  of  these  different  bases  with  sufficient  readiness 
to  use  the  method  for  the  purposes  of  qualitative  analysis.  The 
rapidity  with  which  the  result  is  obtained  by  a  practised  observer, 
and  the  minuteness  of  the  quantity  required  for  the  examination, 
give  this  method  a  superiority  over  any  other  now  in  use  for  the 
qualitative  analysis  for  the  alkalies  and  alkaline  earths ;  moreover, 
the  circumstance  that  the  mere  inspection  of  a  source  of  light 
furnishes  information  respecting  the  composition  of  the  bodies 
undergoing  combustion  or  volatilization  within  it,  extends  the 
mode  of  inquiry  over  distances  limited  only  by  the  distance  through 
which  the  object  is  visible :  we  are  thus  fiimished  with  a  method 
of  analysis  which  is  applicable  to  the  luminous  atmosphere  of  the 
sun,  the  stars,  as  weU  as  to  the  light  of  the  planetary  bodies. 
This  circumstance  invests  the  subject  with  an  interest  like  that 
which  attends  the  employment  of  the  telescope ;  at  the  same  time 
the  minuteness  of  its  search  enables  it  to  reveal,  like  the  micro- 
scope, quantities  of  matter  indefinitely  small. 

This  minuteness  in  its  scrutiny  has  already,  in  the  hands  of 
Bunsen  and  Kirchhofi^,  led  to  the  discovery  that  many  bodies,  such 
as  lithia  and  strontia,  formerly  supposed  to  be  rare,  are  really 
widely  distributed  in  minute  quantities.  It  also  led  them  to  dis- 
cover the  two  new  alkalies  coesia  and  rtibidia,  the  first  named 
from  ccesitis,  "  sky-coloured,^^  in  allusion  to  two  characteristic  blue 
lines  in  its  spectrum ;  the  second  from  rubidus,  "  dark  red/^  owing 
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to  the  existence  in  its  spectrum  of  two  red  lines  of  remarkably  low 
refirangibility. 

These  bases  were  found  in  the  course  of  an  examination  by 
the  prism  of  the  residue  of  the  mother-liquor  from  the  Durkheim 
spring,  when  the  occurrence  of  these  hitherto  unobserved  lines 
induced  Bunsen  to  make  a  minute  chemical  examination  of  the 
water  which  furnished  them.  The  inquiry  showed  that  in  every 
ton  of  the  original  water,  about  three  grains  of  chloride  of  ccesium, 
and  rather  less  than  four  grains  of  chloride  of  rubidium,  were 
present.  These  two  salts  so  closely  resemble  chloride  of  potassium 
in  properties,  that  it  would  have  been  impossible  to  have  ascer- 
tained their  existence  in  the  minute  proportion  in  which  they 
occur  but  for  the  method  of  spectrum  analysis.  To  these  bodies 
Mr.  Crookes,  in  May,  1861,  added  a  third  metallic  element, 
thallium^  so  called  from  0aXXoc^  a  budding  twig,  in  allusion  to 
the  brilliant  green  line  in  which  the  luminosity  of  its  spectrum  is 
concentrated.  This  body  was  foimd  in  minute  quantity  in  the 
residue  from  a  sulphuric  acid  chamber  at  Tilkerode,  in  the  Hartz ; 
and  Lamy  has  since  found  it  in  the  acid  from  Belgian  pyrites. 

Kirchhoff  and  Bunsen  ignited  many  of  the  salts  of  the  different 
metals  in  flames  of  very  varying  temperature,  including  those  of 
sulphur,  bisulphide  of  carbon,  diluted  alcohol,  carbonic  oxide, 
hydrogen,  and  the  oxyhydrogen  mixture ;  and  they  found  that  the 
same  metal  always  produced  the  same  lines,  whichever  flame  they 
employed  to  heat  it. 

They  do  not,  however,  appear  to  have  observed  that,  as  the 
temperature  rises,  a  new  scries  of  bands  becomes  visible  in  certain 
cases.  There  is  no  doubt,  however,  that  this  is  the  case,  from 
the  observations  of  Tyndall,  Frankland,  Roscoe,  and  Clifton,  and 
others.  The  spectrum  of  chloride  of  lithium,  in  the  flame  of  a 
Bunsen  burner,  gives  but  a  single  intense  crimson  line;  in  a 
hotter  flame,  as  that  of  hydrogen,  it  gives  an  additional  orange 
ray ;  and  in  the  oxyhydrogen  jet,  or  the  voltaic  arc,  a  broad  bril- 
liant blue  band  comes  out  in  addition.  A  similar  effect  is  per- 
ceived in  the  case  of  metallic  iron,  of  thallium,  and  of  other  metals 
when  heated  by  the  voltaic  arc,  which  at  elevated  temperatures 
furnish  much  more  complicated  spectra  than  when  less  intensely 
heated.  A.  Mit«cherlich  [Pogg.  AnnaL,  cxvi.  p.  499, 1862)  has  also 
shown  that  in  flames  of  low  temperature,  the  lines  produced  vary 
with  the  compound  employed :  in  these  cases  the  spectrum  observed 
is  that  due  to  the  compound,  and  not  to  its  elementary  constituents, 
the  spectrum  of  copper,  for  example,  differing  considerably  from 
that  of  an   alcoholic  solution  of  chloride  of  copper,  whilst  that 
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from  an  alcoholic  solution  of  iodide  of  copper  diSers  from  botli.  It 
is,  however,  important  to  remark  that  these  observations  upon  thf 
effect  of  temperature  do  not  diminish  the  value  of  spectrum  examina- 
tion as  a  means  of  qualitative  analysis,  provided  that  the  operator 
adopts  the  method  laid  down  by  Bunsen  and  Kirchhoff,  who  intro- 
duce into  a  coal-gas  flame,  furnished  by  one  of  Bunsen's  gas-burners, 
the  salt  for  examination,  supported  on  a  loop  of  platinimi  wire. 


Tellow.  Orange. 
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The  first  spectrum  shown  in  fig.  82  exhibits  some  of  the  fixed 
dark  lines  of  the  solar  spectrum  contrasted  with  the  position  of 
some  of  the  most  important  bright  lines  fiimished  by  the  spectra 
of  the  alkalies  and  alkaline  earths^  when  their  salts  are  heated 
npon  a  loop  of  platinum  wire  introduced  into  the  flame  of  a 
Bunsen  gas-burner.  The  characteristic  lines  in  each  case  are 
distinguished  by  the  letters  of  the  Greek  alphabet^  the  most 
strongly  marked  lines  being  those  indicated  by  the  earliest  letter. 

Amongst  the  various  spectra^  that  of  thallium  and  those  of  tlie 
alkali^metals  are  the  simplest.  In  the  potassium  spectrum  the 
most  characteristic  bands  are  the  red  band  Ka  o^  and  violet  band, 
Ka  j3.  A  copious  difiused  light  fills  up  the  central  portion  of  the 
spectrum.  In  the  ease  of  sodium,  nearly  the  whole  of  the  light 
is  concentrated  on  the  intense  yellow  double  band,  Na  «.  In  the 
lithium  spectrum,  a  crimson  band,  Li  a,  is  the  prominent  line ;  Li  /3 
IB  addom  visible ;  but  at  the  elevated  temperature  of  the  voltaic 
dxc,  an  additional  blue  line  becomes  very  intense.  In  the  spectrum 
of  OGSsium,  a  good  deal  of  difiused  light  is  visible,  but  the  two 
lines  in  the  blue,  Cs  a  and  Cs  /3,  are  strongly  marked,  and  may 
be  seen  when  a  quantity  of  the  chloride  not  exceeding  x^j^t^^d  of 
a  grain  of  the  pure  salt  is  used,  or  ■■  ^\,  ^  of  a  grain  if  diluted 
with  fifteen  hundred  times  its  weight  of  chloride  of  lithium.  Ru- 
bidium is  not  distinguishable  in  quantities  quite  so  minute.  The 
lines^  Kb  a  and  Rb  /3,  in  the  blue,  and  Rb  y  in  the  red,  are  almost 
equally  characteristic,  but  about  j  j  ^^^  0  of  a  grain  of  the  chloride 
is  required  to  render  them  visible.  Thallium  is  recognised  by 
the  single  intense  green  line  Tl  a.  The  spectra  of  the  alkaline 
earths  are  equally  definite  though  more  complicated. 

The  salts  which  are  most  readily  volatilized,  such  as  the 
chlorides,  bromides,  and  iodides  of  the  different  metals,  give  the 
most  brilliant  spectra.  But  it  is  only  in  the  case  of  the  alkalies 
and  the  alkaline  earths  that  the  spectra  thus  obtained  are 
characteristic.  Where  the  spectra  of  the  other  metals  are  re- 
quiredy  recourse  must  be  had  to  Wheatstone^s  method  of  taking 
electric  sparks,  between  wires  consisting  of  the  metal  of  which  the 
spectrum  is  required ;  and  the  electric  sparks  may  conveniently  be 
procured  by  the  employment  of  RuhmkoriTs  coil.  The  tempera* 
tore  obtained  in  this  way  is  very  intense,  and  developes  lines  not 
produced  by  the  heat  of  ordinary  flames.  When  a  compound  gas 
or  Tsponr  is  made  the  medium  of  the  electric  discharge,  the 
spectra  produced  are  those  of  the  elementary  components  of  the 
gas.  It  seems  as  though,  at  these  intense  temperatures,  chemical 
combination  were  impossible ;  and  oxygen  and  hydrogen,  chlorine 
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Fig.  83. 
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and  the  metals^  may  therefore   all  coexist  in  a    separate   form, 
although  mechanically  intermingled. 

If  photographs  of  these  spectra  be  taken,  using  quartz  prisms 
and  lenses^  I  have  found  that  the  impression  obtained  is  charac- 
teristic for  each  metal,  the  spectrum  extending  to  a  length  equal 
to  three  or  four  times  as  great  as  that  of  the  solar  spectrum. 
{Phil.  Trans,,  1862.)  Allusion  will  be  made  to  these  results  in 
Part  II.  of  this  work,  when  speaking  of  photography. 

The  application  of  these  processes  of  optical  analysis  to  the 
examination  of  fiimace  flames,  at  different  stages  of  various  pro- 
cesses in  the  arts,  cannot  fail  to  afford  information  of  high 
interest,  which  can  be  obtained  in  no  other  way.  Roscoc  has 
already  applied  it  successfully  in  studying 
the  Bessemer  process  for  steel. 

{108)  Projection  of  Spectra  on  a  Screen. 
— When  it  is  desired   to  render  the  lines 
produced  by  the  spectra  firom  different  metals 
visible  to  a  large  audience,  they  may  be 
shown  by  the  employment   of  the  voltaic 
battery.     About  forty  pairs  of  Grovels  con- 
struction will  answer  well.     The  wires  of 
the  battery  must  be  connected  with  the  car- 
bon electrodes  of  a  Duboscq's  electric  lamp. 
The  metals  to  be  burned  are  supported  upon 
the  lower  or  positive  electrode  made  of  the 
hard  carbon  deposited  in  the  gas  retorts; 
and  when  the  salts  of  the  metals  are  to  be 
employed,  two  or  three  vertical  holes   are 
drilled  into  the  upper  end  of  the  charcoal 
point,  and  into  these  the  salt  for  experiment 
is  introduced.    On  completing  the  connexion 
with   the  battery,  the   arc  is  produced  as 
usual.     The  general  arrangement  of  the  ap- 
paratus is  shown  in  Fig.  83.     The  light  is 
allowed  to  escape  &om  the  lamp  through  a 
narrow  vertical  slit  «,  of  which  a  distinct 
image  must   be  produced  upon   the  white 
screen  w  w,  destined  to  receive  the  spectrum 
at  a  distance  of  from  fifteen  to  twenty  feet 
from  the  lamp. 
When  the  ar- 
rangement   is 
thus  &r  com- 
/zleted,  a  hollow 
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prism  /?!,  filled  with  bisulphide  of  carbon,  is  interposed  between 
the  condenser  c  and  the  screen,  and  the  lamp  with  the  condensing 
lens  is  turned  round  until  an  image  of  the  spectrum  falls  upon 
the  screen,  the  prism  being  brought  to  the  angle  of  minimiun 
deviation,  when  the  incident  and  refracted  rays  form  equal  angles 
with  its  faces.  When  this  is  properly  adjusted,  the  bands  peculiar 
to  each  spectrum  are  distinctly  visible  on  the  screen.  If  it  be 
desired  to  obtain  a  longer  image  of  the  spectrum,  this  may  be 
effected  by  making  the  refracted  rays  fall  at  the  proper  angle 
upon  a  second  prism  p„  before  they  reach  the  screen. 

(T09)  Kirchhoff's  Theory  of  Fraunhofer^s  Lines, — From  what 
has  been  already  stated,  it  is  obvious  that  a  large  number  of 
the  principal  facts  in  relation  to  the  occurrence  of  the  bands  of 
the  spectrum  were  known  before  Kirchhoff  and  Bunsen  directed 
their  attention  to  the  subject.  But  it  has  been  invested  with  a  new 
interest  by  the  discovery  of  the  new  metals,  ccesium,  rubidium,  and 
thallium,  and  particularly  by  a  theory  of  Kirchhoff's,  which  embraces 
and  generalizes  the  greater  number  of  the  phenomena,  though  it 
does  not  account  for  all  of  them.  This  theory  we  shall  now 
consider. 

It  is  to  be  remembered  that  the  spectnmi  produced  by  the 
ignition  of  a  solid  or  of  a  liquid  always  yields  a  continuous  band 
of  light,  containing  rays  of  all  degrees  of  refraugibility  within  the 
range  of  its  two  extremes ;  but  the  same  body,  when  converted 
into  vapour,  may  produce  a  luminous  atmosphere  which  may  emit 
light  of  certain  definite  refrangibilities  only,  so  as  to  produce  a 
spectnmi  consisting  of  a  series  of  bright  bands  of  particular  colours, 
separated  ftova  each  other  by  intervals  more  or  less  completely 
dark.  Bearing  these  facts  in  mind,  the  theory  proposed  to  account 
for  Fraunhofer^s  lines  will  be  readily  understood. 

In  1858,  Balfour  Stewart  published  in  the  Edin,  Phil.  Tram., 
vol.  xxii.,  a  paper  on  the  law  of  exchanges  in  radiant  heat,  and  in 
the  following  year  the  subject  was  taken  up  by  Kirchhoff,  who 
arrived  at  the  same  conclusions  as  Stewart,  independently;  and 
the  German  philosopher  extended  his  theory  to  the  phenomena  of 
light  as  well  as  those  of  heat.  The  conclusion  at  which  he  arrived 
may  be  thus  stated :  That  when  any  substance  is  heated  or  is  ren- 
dered luminous,  rays  of  a  certain  and  definite  degree  of  refraugi- 
bility are  given  out  by  it ;  whilst  the  same  substance  has  also  the 
power  of  absorbing  rays  of  this  identical  refitingibility. 

Sodium,  for  example,  when  ignited,  emits  an  intensely  bril- 
liant yellow  light  which  is  concentrated  into  two  closely  conti- 
guous bands  or  bright  lines  coincident  in  position  with  Fraunhofer's 
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double  black  line  d  in  the  solar  spectrum.  Fraunhofer  had  him- 
self observed  the  exact  coincicbnce  of  the  double  black  line  n  in 
the  solar  spectrum^  with  the  double  bright  line  in  artificial  lights, 
now  known  to  be  characteristic  of  sodium.  If  through  a  flame 
coloured  by  sodium^  the  more  powerful  light  of  the  charcoal  points 
or  ignited  lime  be  transmitted^  the  continuous  spectrum  due  to 
this  stronger  source  of  light  is  interrupted  by  a  black  line  coin- 
cident with  the  solar  black  line  d.*  Kirchhoff^  has  also  ascertained 
that  certain  of  the  bright  bands  in  the  spectra  of  potassium, 
lithium,  barium,  and  strontium,  may  in  like  manner  be  reversed, 
and  I  have  feund  that  some  of  the  strongest  lines  in  the  Uue  in 
the  spectrum  of  copper  may  be  similarly  reversed. 

Now  KirchhofF  has  aj^lied  these  facts  to  the  explanation  of 
Fraunhofer's  dark  lines.  He  supposes  that  in  the  luminous  atmo- 
sphere of  the  sun,  the  vapours  of  various  metals  are  present,  each 
of  which  would  give  its  characteristic  system  of  bright  lines ;  but 
behind  this  incandescent  atmosphere  containing  metallic  vapour,  is 
the  still  more  intensely  heated  solid  or  liquid  nucleus  of  the  sun, 
which  emits  a  brilliant  continuous  spectrum  containing  rays  of  all 
degrees  of  refrangibility.  When  the  light  of  this  intensely  heated 
nucleus  is  laransmitted  through  the  incandescent  photosphere  of 
the  sun,  the  bright  lines  which  would  be  produced  by  the  photo- 
sphere are  reversed;  and  Fraunhofer's  black  lines  are  only  the  re- 
versed bright  lines  which  would  be  visible  if  the  intensely  heated 
nucleus  were  no  longer  there. 

Kirchhofl"  has  proceeded  to  test  this  theory  by  submitting  the 
solar  spectrum  to  a  most  minute  investigation  [Researches  on  t/ic 
Solar  SpectrufHy  and  on  the  Spectra  of  the  Chemical  Elements, 
translated  by  Roscoe,  and  published  in  a  separate  form). 

The  annexed  diagram  shows  a  small  portion  of  Kirchhoff's  de- 
tailed drawing,  including  the  part  of  the  spectrum  extending  from 
E  to  A  (fig.  84),  and  he  states  that  for  every  bright  line  in  the 
spectrum  of  iron  is  a  corresponding  black  line  in  the  solar  spectrum. 
About  sixty  such  lines  occur  between  d  and  f,  and  in  the  small 
portion  contained  in  the  figure  there  are  fourteen  such  lines  in- 
dicated by  the  mark  Fe,  The  strong  lines  near  b,  marked  Mg, 
coincide  with  the  brilliant  green  lines  in  the  spectrum  of  mag- 


*  Foucanlt  in  1849  had  already  made  this  observation  in  a  particular 
jnBtance,  but  had  drawn  no  general  conclusion  from  it  {Journal  de  V Institute 
Feb.  7th,  1849).  ^^  caused  the  image  of  the  sun  to  fall  exactly  on  the 
voltaic  arc,  and  by  viewing  this  compound  light  through  a  prism,  he  obaerred 
that  the  double  brilliant  line  of  the  arc  coincided  exactly  with  the  douhle 
black  line  of  the  solar  light,  and  when  they  overlapped,  the  black  line  of  the 
solar  spectrum  was  rendered  cozisidenrbly  more  intense. 
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nesium.  Chromium^  nickel^  cobalt, 
and  calcium  also  give  less  distinctly 
marked  lines,  indicated  by  the  let- 
ters Cr,  Ni,  Co,  and  Ca. 

Kirchhoff,  fiom  these  and  other 
more  extended  observations,  draws 
the  conclusion  that  in  the  atmo- 
spliere  of  the  sun  the  vapours  of 
sodium,  potassium,  magnesium,  cal- 
cium, iron,  chromium,  and  nickel, 
and  possibly  zinc,  cobalt,  and  man- 
ganese are  present;  but  that  li- 
thium, copper,  and  silver  are  not 
present.  Angstrom  considers  the 
existence  of  hydrogen,  aluminum, 
and  probably  of  barium  and  stron- 
tium, may  aLso  be  inferred. 

Fascinating  as  this  theory  is,  it 
must  be  remembered  that  it  is  yet 
upon  its  trial,  and  that  it  does  not 
explain  the  &cts  at  present  known 
respecting  the  vapours  of*  hydro- 
gen, mercury,  chlorine,  bromine, 
iodine,  and  nitrogen.  Some  of 
these  anomalies  may  possibly  re- 
ceive their  explanation  from  the 
recent  investigations  of  PlUcker 
and  Hittorf  [Les  Mondes,  April 
30th,  1863).  They  have  found  that 
certain  bodies,  such  as  sulphur  and 
nitrogen,  give  more  than  one  spec- 
trum, the  spectrum  at  a  very  ele- 
vated temperature  being  entirely 
different  from  that  at  a  lower  tem- 
perature. With  sulphur,  for  ex- 
ample, the  following  experiments  ^- 
may  be  made:— A  tube,  of  the 
form  shown  in  fig.  85,  consisting 
of  two  wide  portions  connected 
together  by  a  capillary  tube,  is  pre- 
pared with  glass  of  difficult  frisibi- 
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*  For  want  of  space,  the  figure  is  arranged  vertically  instead  of  across  the 
_    «m.^'  ^per  extremity  is  the  most  remngible  end. 
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Fig.  8s.  ^^^7 '  ^^^  ^^^®  sulphur  is  introduced,  and  the  last 
traces  of  air  having  been  removed,  the  whole  is 
hermetically  sealed.  The  tube  having  been  placed 
in  the  proper  position  before  the  slit  of  the  spectro- 
scope, is  gently  warmed  by  a  spirit-lamp,  and 
sparks  firom  an  induction  coil  and  Leyden  jar  are 
transmitted  by  the  wires — h.  As  the  temperature 
of  the  tube  is  raised,  the  tension  of  the  sulphur 
vapour  increases,  and  the  first  spectrum  increases  in 
brilliancy,  whilst  at  the  same  time  the  resistance  to 
,  the  passage  of  the  spark  continues  to  increase,  and 

r^-v^  as  a  necessary  consequence  the  temperature  of  the 

^%&i^  _  discharge  continues  to  rise.  The  brilliancy  of  the  spec- 
trum gradually  increases,  and  then  suddenly  the  first 
spectrum  vanishes,  and  is  instantaneously  displaced  by  the  second 
spectrum,  which  is  very  rich  in  brilliant  lines.  On  removing  the 
spirit-lamp  the  temperature  falls  and  the  first  spectrum  reappears, 
whilst  the  second  vanishes.  Nitrogea  even  appears  to  give  three 
different  spectra. 

In  the  case  of  hydrogen,  the  three  characteristic  bright  bands 
of  its  ordinary  spectrum  become  broader  and  broader  as  the  in- 
tensity of  the  current  is  gradually  increased,  until  the  light  becomes 
nearly  continuous;  the  violet  band  expands  first,  whilst  the  red 
always  preserves  a  certain  definite  character. 

In  the  case  of  sodium,  the  bright  lines  at  d  gradually  expand 
and  coalesce,  as  the  intensity  of  the  current  is  increased ;  finally, 
this  band  expands,  and  becomes  traversed  by  two  black  lines  coin- 
cident in  position  with  the  original  bright  lines. 

Oxygen,  chlorine,  bromine,  and  iodine  fiirnish  only  a  single 
spectrum.  The  general  appearance  of  the  first  spectrum  of  a  gas 
or  vapour  consists  of  bright  bands  crossed  by  numberless  dark  lines, 
as  well  defined  as  those  of  Fraunhofer.  The  general  character  of 
the  second  spectrum  is  that  of  brilliant  bands  upon  a  more  or  less 
luminous  ground.  These  bright  bands  have  a  breadth  regulated 
by  the  width  of  the  slit  of  the  spectroscope. 

(no)  Change  in  the  Befrangibility  of  Light — Fluorescence, — 
A  remarkable  discovery  was  made  by  Stokes,  whilst  engaged  in 
pursuing  the  observations  of  Sir  J.  Herschel  respecting  the  effect 
of  light  upon  an  acid  solution  of  sulphate  of  quinia.  This  liquid 
is  colourless  when  viewed  by  transmitted  light,  but  if  placed  in  a 
glass  and  looked  at  fi*om  above,  it  exhibits,  when  exposed  to  direct 
light,  a  beautiful  and  intense  blue  upon  its  firont  surface ;  but  the 
light  which  has  passed  through  one  vessel  containing  the  sulphate 
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exUbits  no  such  appearance  on  the  front  fiice  of  a  second  vessel  of 
the  liquid  Tvhich  is  similarly  exposed  to  it.  Now^  the  rays  which 
produce  this  beautiftil  blue  colour  are  not  the  ordinary  blue  rays, 
but  those  of  the  most  refrangible  portion  of  the  spectrum, 
which,  under  ordinary  circumstances,  are  not  perceptible  to  the 
eye,  but  which  are  remarkable  for  their  powerful  chemical  action, 
and  which  show  their  presence  by  their  chemical  effect  upon  a 
sur&ce  coated  with  chloride  of  silver,  or  with  some  other  photo- 
graphic preparation. 

Stokes  (Phil.  Trans.,  1852,  p.  468)  found  that  if  a  tube  filled 
with  a  solution  of  sulphate  of  quinia  were  placed  successively  in 
each  of  the  colours  of  the  prismatic  spectrum,  '  throughout  nearly 
the  whole  of  the  visible  spectrum  the  light  passed  through  the 
fluid  as  it  would  have  done  through  so  much  water,  but  on  arriving 
nearly  at  the  violet  extremity,  a  ghostlike  gleam  of  pale  blue  light 
shot  right  across  the  tube.  On  continuing  to  move  the  tube,  the 
blue  light  at  first  increased  in  intensity,  and  afterwards  gradually 
died  away.  It  did  not,  however,  cease  to  appear  until  the  tube 
had  been  moved  far  beyond  the  violet  extremity  of  the  spectrum 
visible  on  a  screen.'  On  examining  by  a  second  prism  the  dis- 
persed light  thus  obtained,  it  was  found  that  it  contained  rays 
extending  over  a  considerable  range  of  refrangibility  within  the 
limits  of  the  visible  spectrum ;  but  the  least  refrangible  rays,  or 
those  of  the  red  end  of  the  spectrum,  were  wanting. 

This  power  of  changing  the  refrangibUity  is  by  no  means  un- 
common, especially  amongst  organic  substances,  most  of  which  show 
it  in  a  degree  more  or  less  marked.  The  change  is  not  confined  to 
the  invisible  rays,  but  extends  also  to  those  already  visible,  the  more 
refrangible  being  generally  the  most  affected,  though  it  is  not  limited 
to  this  portion  of  the  spectrum,  for  with  an  alcoholic  solution  of 
chlorophyll  the  effect  is  seen  to  commence  in  the  red  rays.  It  is, 
however,  to  be  remarked,  that  as  yet,  in  every  instance,  the  altered 
ray  gives  rise  to  others  which  are  less  refi:^ngible.  The  change  is 
never  to  rays  of  greater  refrangibility. 

Amongst  the  bodies  in  which  this  phenomenon  is  most  strikingly 
exhibited,  may  be  mentioned,  decoction  of  the  bark  of  the  horse- 
chestnut  (which  contains  the  vegetable  principle  termed  asctdin),  an 
alcoholic  tincture  of  chlorophyll  (the  green  colouring  matter  of 
leaves),  tincture  of  the  seeds  of  stramonium,  and  tincture  of  turmeric. 
Many  of  these  substances,  when  spread  upon  paper,  form  surfaces 
which,  if  used  as  a  screen  for  receiving  the  solar  spectrum,  exhibit 
a  prolongation  of  the  more  refrangible  end  far  beyond  the  violet  and 
lavender  rays  which  are  visible  on  ordinary  white  paper ;  and  with 
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due  precaution  the  fixed  lines  of  this  prolongation  may  be  dis- 
tinctly seen.     A  slip  of  ivory  makes  a  very  tolerable  screen  for 
this  purpose.     Glass,  coloured  yellow  with  oxide  of  uranium,  also 
exhibits  these  phenomena  in  a  very  striking  and  beautiAil  form, 
but  the  material  which  fiirnishes  the  best  screen  is,  according  to 
Stokes,a  particular  phosphate  of  uranium  {Phil,  Trans,,  1 862,  p.  602.) 
The  light  of  many  artificial  flames  which  are  of  feeble  illumi- 
nating power  often  contains  beams  fitted  to  exhibit  this  kind  of 
reduction  in  refrangibility  in  a  remarkable  manner.     The  flame  of 
a  common  spirit-lamp,  and  that  of  burning  sulphur,  are  especially 
remarkable.     If  a  weak  infiision  of  horse-chestnut  bark  be  poured 
into  a  tall  jar  of  water,  illuminated  by  sulphur  when  burning  in 
oxygen,  beautiful  waves  of  phosphorescent  light  are  seen  as  the  two 
liquids  mingle,  owing  to  the  dispersion  of  the  light  rendered  visible 
by  the  sesculin  in  solution.     In  the  same  way,  characters  traced 
with  tincture  of  stramonium  on  white  paper,  and  nearly  invisible 
in  daylight,  when  exposed  to  the  light  of  burning  sulphur,  appear 
distinctly  upon  the  paper  in  lines  of  a  pale  blue  phosphorescent  light. 
The  appearance  produced  by  this  change  in  the  refi*angibility 
of  light  is  termed  fluorescence,  and  bodies  which  have  the  power  of 
efiecting  it  are  spoken  of  as  fluorescent  substances.  If  the  incident 
light  be  polarized  (119  et  «ey.),  the  dispersed  light  of  the  fluorescent 
body  is  found  to  have  entirely  lost  the  polarized  condition.   Hence 
it  seems  to  be  almost  certain  that  the  rays  which  produce  fluor- 
escence are  first  absorbed  and  then  re-radiated,  but  in  a  condition 
of  lower  refi-angibility. 

When  the  fluorescent  property  of  a  body  is  but  feeble,  Stokes 
directs  the  following  means  to  be  used  for  its  detection  : — Place  over 
an  aperture  in  the  shutter  of  a  darkened  room  a  transparent  body, 
which  transmits  only  feebly  luminous  rays  and  rays  of  high  refran- 
gibility, and  place  behind  it  a  second  medium  which  absorbs  as 
completely  as  possible  the  rays  transmitted  by  the  first,  whilst  it 
transmits  those  rays  which  are  absorbed  by  the  first.  If  these 
media  be  well  chosen,  no  light  will  traverse  the  second  screen. 
Two  glass  troughs,  one  filled  with  the  pure  solution  of  ammonio- 
sulphate  of  copper,  the  second  with  the  yellow  solution  of  chro- 
mate  of  potassium  will  act  very  well  in  many  cases.  Now 
interpose  between  the  two  screens  the  object  the  fluorescence  of 
which  is  to  be  determined ;  as  soon  as  this  is  done,  the  object, 
when  viewed  through  the  second  screen,  will  appear  to  be  more  or 
less  luminous,  according  to  the  degree  in  which  it  possesses  the 
property  in  question.     (PA*/.  Trans.y  1853,  p.  385.) 

These  highly  refrangible  rays  do  not  pass  readily  through  glass ; 
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indeed^  most  transparent  bodies  absorb  these  rays  to  a  greater  or 
less  extent.  This  subject  will  be  again  adverted  to  when  speaking 
of  photc^raphy.  By  employing  a  prism  of  quartz  and  lenses  of 
the  same  material^  rays  have  been  found,  in  the  examination  of 
lights  from  different  sources,  which  extend  far  beyond  the  limits 
of  the  solar  spectrum.  The  invisible  rays  in  the  solar  spectrum^ 
for  example^  extend  beyond  the  violet  extremity  of  the  spectrum 
for  a  distance  nearly  equal  in  length  to  twice  that  of  the  luminous 
portion ;  but  in  the  electric  light  obtained  by  the  ignition  of  char- 
coal points,  the  invisible  spectrum  can  be  traced  nearly  six  times  as 
£Eur.  Each  of  the  metals  also  furnishes  a  similar  elongated  spectrum, 
when  the  secondary  sparks  from,  an  induction  coil  are  transmitted 
between  them.  The  spectra  so  obtained  are  quite  characteristic. 
(W.  A.  Miller,  PhU.  Trans,,  1862;  Stokes,  Phil.  Trans.,  i86a.) 
By  interposing  a  coloured  absorbent  medium,  such  as  gaseous 
chlorous  anhydride,  in  the  track  of  the  beam  before  it  is  transmitted 
through  the  prism,  fixed  dark  lines  can  be  traced  at  diffisrent 
points  through  this  greatly  elongated  spectrum. 

(ill)  Prismatic  analysis  of  the  solar  beam^  however,  discloses 
to  us  other  phenomena  besides  the  separation  of  light  into  portions 
of  different  colours.  The  radiations  firom  the  sun  contain  not  only 
liuniniferous  rays,  but  they  are  accompanied  by  a  large  amount  of 
heat ;  these  rays  of  heat  are  susceptible  of  refraction,  like  those 
of  Ught,  though  as  they  are  for  the  most  part  less  refrangible  thaa 
the  rays  of  light,  the  calorific  or  heating  rays  are  most  abundant 
near  the  red  end  of  the  spectrum ;  a  large  proportion  of  the 
rays  of  heat  are  less  refrangible  than  any  of  the  rays  of  light,  and 
fall  in  the  dark  space  below  the  red.  Besides  the  rays  of  heat 
and  light,  the  spectrum  contains  rays  which  exert  a  powerful 
chemical  effect  on  growing  plants,  and  on  many  metallic  and 
other  compounds ;  these  occur  in  greatest  abundance  in  the  more 
refrttngible  portions  in  and  beyond  the  blue  and  violet  rays,  and 
will  be  referred  to  hereafter. 

The  complex  nature  of  the  solar  spectrum  may  be  fiirther 
illustrated  by  its  action  upon  phosphorescent  bodies. 

(11  a)  Phosphorogenic  Rays. — A  certain  number  of  bodies  are 
known  which,  although  they  do  not,  under  ordinary  circumstances^ 
emit  light  in  the  dark,  yet,  after  exposure  in  the  solar  ray,  continue, 
without  undergoing  any  perceptible  chemical  change,  to  be  faintly 
limiinous,  after  having  been  removed  to  a  darkened  room,  for  an 
interval  varying  from  a  minute  fraction  of  a  second  to  several 
hours.  Amongst  these  substances  Canton* s  phosphorus,  or  sulphide 
of  calcium,  Baldmn's  phosphorus,  or  fiised  nitrate  of  calcium,,  and 
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Bologna  stone y  which  is  a  sulphide  of  barium,  have  been  long  known ; 
but  the  researches  of  E.  Becquerel  {Ann,  de  Chimie,  III.  Iv.  5, 
and  Ivii.  40)  have  shown  that  this  property  is  far  more  common 
than  is  usually  supposed,  though  the  duration  of  the  phosphorescent 
effect  is  often  extremely  brief.  Sulphide  of  strontium,  and  certain 
varieties  of  diamond,  and  of  fluor  spar,  show  it  strongly ;  alumina 
also  exhibits  it  powerfully,  though  but  for  a  short  time,  and  it  is 
equally  marked  whether  the  alumina  be  crystallized,  as  in  ruby 
and  sapphire,  or  amorphous,  as  when  recently  precipitated.  It  is 
worthy  of  note  that  silica  does  not  exhibit  this  property  in  any  of 
its  forms ;  but  the  salts  of  the  alkalies,  and  of  the  alkaline  earths, 
generally,  show  it  strongly ;  most  other  transparent  objects,  par- 
ticularly those  of  organic  origin,  such  as  sugar,  tartaric  acid,  and 
quinia,  likewise  possess  the  power,  though  in  a  much  more  feeble 
degree.  Bodies  of  dark  colour,  and  the  metals,  generally,  do  not 
show  it. 

It  has  been  remarked  that  all  phosphorescent  solids  lose  the 
power  of  emitting  light  when  they  are  brought  into  solution.  In- 
deed, the  liquid  form  seems  to  be  unfavourable  to  its  display ;  for 
solid  bodies,  such  as  hydrate  of  potash  and  nitrate  of  uranium, 
which  melt  at  a  moderate  heat,  lose  the  property  whilst  fiised,  but 
recover  it  again  immediately  that  they  become  solid. 

Some  gases,  and  more  particularly  oxygen,  when  enclosed  in 
glass  tubes  and  subjected  to  the  transmission  of  electric  sparks, 
exhibit  a  phosphorescence  which  lasts  for  a  few  seconds.  Faraday 
ascribes  the  luminous  trail,  which  is  sometimes  observed  upon  a 
cloud  after  the  passage  of  a  flash  of  lightning,  to  a  brief  phospho- 
rescence of  the  portion  of  the  atmosphere  which  the  flash  has 
traversed. 

Some  of  the  phenomena  of  phosphorescence  may  be  observed 
by  selecting  one  of  those  phosphori  which  retains  its  luminosity  for 
some  time,  such  as  sulphide  of  calcium,  and,  after  it  has  ceased  to 
emit  light  in  the  dark,  sprinkling  it  in  powder,  over  a  piece  of 
paper,  in  a  darkened  room,  and  submitting  it  to  the  action  of  the 
solar  spectrum ;  phosphorescence  will  be  produced  in  it,  but  by 
the  more  refrangible  rays  only.  There  are  two  maxima  of  illu- 
mination, one  of  which  is  within  the  blue  and  violet  portion  of 
the  spectrum ;  the  other  is  beyond  the  termination  of  the  violet. 
In  f\g.  86,  the  stripe  1  represents  the  difiusion  of  light  in  the  solar 
spectrum,  whilst  a  gives  the  relative  position  of  the  points  of 
maximum  phosphorescence  with  the  sulphide  of  calcium,  compared 
with  the  luminous  spectrum. 

The  flash  of  an  electric  sparky  made  to  pass  so  that  its  light 
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shall  &11  upon  a  piece  of  paper  thus  prepared,  is  sufiBcient  to  render 
phosphoresceiit  the  whole  exposed  surface  of  the  sulphide :  but  if 


the  paper  he  partially  covered  by  a  plate  of  even  the  most  trans- 
parent glaas,  the  screened  portion  will  not  exhibit  any  phospho- 
rescence. A  screen  of  rock  crystal,  however,  produces  no  such 
absorbent  effect,  all  the  portions  of  the  prepared  surface  being  in 
this  latter  case  equally  luminous.  The  light  emitted  from  charcoal- 
points  ignited  by  a  voltaic  current,  if  it  be  only  instantaneous  in 
duration,  is  equally  unable  to  penetrate  glass  so  as  to  produce 
phosphorescence,  although  it  traveraes  rock  crystal  readily.  The 
Bolar  rays,  however,  traverse  either  medium  equally,  without  loss 
ol  photphoroffenic  poveT.  A  long- continued  voltaic  light  produces 
a  similar  result.  Glass  ia  only  less  perfectly  permeable  than  rock 
crystal  to  the  phosphorogenic  rays  that  accompany  the  luminous 
ones.  It  is  interesting  to  observe  that  in  the  phosphorogenic 
spectrum,  inactive  spaces  occur,  corresponding  exactly  with  the 
position  of  Fraunhofer's  lines,  and  with  the  dark  bands  of  the  che- 
mical spectrum.    (E.  Beequerel,  Ann.  de  Ckimte,  III.  ix.  314.) 

An  ingenious  instrument  has  been  devised  by  E.  Beequerel 
for  the  purpose  of  observing  phosphorescence  of  very  brief  dura- 
tion. One  of  the  forms  of  this  phosphoroxcope,  b&  he  terms  it,  is 
represented  both  in  section  and  in  plan  in  fig.  87,  i  and  a.  It 
consists  of  a  circular  bos,  a  b,  of  about  six  inches  in  diameter, 
upon  the  centre  of  the  floor  of  which  the  object  to  be  tested,  p, 
is  placed ;  this  box  is  provided  with  a  fixed  lid,  s  i,  in  which  are 
two  apertures,  m,  n,  near  the  circumference,  and  on  opposite  sides, 
as  shown  in  the  plan,  2. 

In  order  to  use  the  instrument,  it  is  placed  in  the  shutter, 
w  w,  of  a  darkened  room,  so  that  one-half  of  the  box  shall  be 
within  the  chamber,and  the  other  half  shall  project  outsideit.  Under 
these  circumstances,  a  beam  of  light,  l,  may  enter  the  box  at  m, 
and  can  be  concentrated,  if  necessary,  by  a  lens,  upon  the  object, 
p,  the  phosphorescence  of  which  is  to  be  tried.  An  observer,  sta- 
tioned within  the  dark  room  at  0,  would  see  this  object  through  the 
second  aperture^  n.     Beueath  this  fixed  lidj  however,  is  placed  a 
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second  moveable  cover,  which   by  means  of  wheel-work  can  be 

made  to  rotate  rapidly  in  a  plane  parallel  to  that  of  the  fixed  lid. 

Fio.  87. 


In  this  revolving  cover  are  three  openings,  i,  2,  3,  shown  in  the 
plan.  These  correspond  in  size  to  the  fixed  apertures,  m,  n,  but  are 
situated  at  angular  distances  of  120°  from  each  other:  so  that, 
whenever  light  is  entering  by  the  outer  aperture,  m,  in  the  fixed  lid, 
the  inner  aperture,  n,  is  closed ;  and  whenever  the  object  of  which 
the  phosphorescence  is  to  be  tested  is  exposed  to  the  observer,  no 
light  from  without  can  reach  it.  Now,  if  the  object  be  visible  to 
the  observer  at  o,  whilst  the  disk  is  in  rotation,  it  can  only  become 
so  by  a  phosphorescent  action :  and,  by  varying  the  rate  of  rotation, 
the  interval  between  the  action  of  the  light  on  the  sensitive  surface, 
and  the  exposure  of  the  object  to  the  eye  of  the  observer,  can  be 
made  to  vary  from  a  period  as  short  as  the  1^  of  a  second  to 
any  greater  interval.  Other  and  still  more  sensitive  forms  of  the 
instrument  have  been  employed ;  but  for  a  description  of  these 
the  reader  is  referred  to  the  original  memoirs  above  cited. 

The  colour  of  the  light  emitted  by  these  phosphori  is  peculiar 
to  each  substance,  and  seldom  corresponds  with  that  of  tlie  in- 
cident ray :  it  is  generally  of  a  lower  degree  of  refrangibility, 
never  of  higher  refr'angibility ;  for  instance,  the  sulphide  of  barium 
emits  a  yellow  light,  though  excited  by  the  violet  and  extra- 
violet  rays :  and  the  sulphide  of  calcium,  which  in  diClerent  spe- 
cimens emits  an  orange,  a  green,  or  a  blue  phosphorescence,  is  in 
all  cases  excited  by  the  more  refrangible  portion  of  the  spectrum 
beyond  the  line  o. 

The  cause  of  the  variation  in  tint  of  the  phosphorescence  pro- 
duced by  different  specimens  of  the  same  substance,  has  been  mi- 
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nntely  examined  by  Becquerel ;  and  he  attributes  it  to  molecular, 
and  not  to  chemical  differences  in  the  phosphori,  the  results  being 
influenced  by  the  temperature  at  which  the  phosphorescent  body 
'was  prepared,  and  the  crystalline  structure  and  greater  or  less 
compactness  of  the  material  {e,g.  sulphate  or  carbonate  of  calcium) 
employed  in  the  preparation  of  the  phosphori.     A  phosphorescent 
body,  which  has  been  fiised,  and  allowed  to  solidify  again,  often, 
when  placed  in  the  phosphoroscope,  emits  light  of  a  tint  different 
from  that  which  it  exhibited  before  it  had  undergone  fusion ;  thus 
plates  of  crystallized  boracic  acid  furnish  a  greenish-blue  light,  but 
after  the  acid  has  been  fused  the  phosphorescence  is  yellow.  Loaf- 
sugar  emits  a  pale  greenish  light,  but  after  fusion,  on  again  ex- 
posing it  in  the  phosphoroscope,  it  gives  off  a  much  more  intense 
yellowish  light. 

It  is  to  be  remarked  that,  in  many  cases,  the  less  refrangible 
rays  of  the  spectrum  actually  destroy  the  phosphorescence  produced 
by  the  more  refrangible  rays. 

Where  the  phosphorescence  has  a  considerable  duration,  it  is 
found  that  elevation  of  temperature  heightens  the  luminosity,  but 
shortens  the  duration  of  the  phosphorescence.  The  effect  of  heat 
upon  the  sulphide  of  strontiimi,  when  prepared  with  due  precau- 
tions, is  very  remarkable.  Certain  specimens  of  it  at  o®  P.  emit  a 
very  beautiful  violet  phosphorescence ;  by  raising  the  temperature 
to  1 60°,  the  light  emitted  has  a  greenish  hue,  and  if  the  tube 
which  contains  the  sulphide  be  heated  to  about  400®,  the  light 
becomes  of  an  orange  yellow. 

Becquerel  is  of  opinion  that  the  phenomena  of  phosphorescence 
and  those  of  fluorescence  have  a  common  origin — many  phospho- 
rescent bodies,  such  as  nitrate  of  uranium,  sesculin,  and  sulphate  of 
quinia,  emitting  light  of  the  same  tint  as  that  which  they  display 
when  fluorescent.  This  point,  however,  requires  ftirther  investiga- 
tion, since  many  bodies  which  are  highly  phosphorescent  show  no 
signs  of  fluorescence,  and  the  range  of  colour  in  the  light  emitted 
by  phosphorescent  bodies  is  smaller  than  in  the  same  bodies  when 
they  become  fluorescent. 

(t  13)  Velocity  of  Light, — It  is  certain  that  light  is  the  result 
of  a  series  of  progressive  actions,  since  it  requires  time  for  its  pro- 
pagation. Astronomers  have  ascertained  from  observations  on  the 
ecUpses  or  occultations  of  the  satellites  of  Jupiter,  the  periods  of 
which  are  accurately  known,  that  when  the  earth,  as  represented  at 
F,  fig.  88,  is  situated  at  its  greatest  distance  from  that  planet,  I, 
these  occultations  appear  to  occur  about  a  quarter  of  an  hour 
later  than  they  do  when  the    earth   is  nearest   to  it,  as  at  s ; 
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Fig.  88.  consequently,    between 

^^  15  and  16  minutes  are 

^•^^-'''""  ^^"'^ — ^""-  "^^    required  by  light  in  tra- 

•9.1  ""^^^^    ® ^^  J  versing  the  width  of  the 

^^'*^- . --'"^       earth's    orbit,    a    space 

of  about  190,000,000 
miles.*  Light  would  therefore  traverse  a  space  equal  to  the  cir- 
cumference of  the  earth  in  about  the  eighth  part  of  a  second  of 
time. 

The  velocity  of  light,  however,  appears  to  vary  with  the 
medium  through  which  it  passes ;  in  a  denser  medium  its  velocity 
is  retarded,  but  in  a  medium  of  uniform  density,  if  it  travel  in  a 
uniform  direction,  its  velocity  is  also  uniform.  It  may  be  shown 
mathematically  that  if  the  hypothesis  of  emission  be  correct,  the 
velocity  must  be  quickened  in  a  denser  medium,  whilst  on  the 
undulatory  theory  it  should  be  retarded ;  the  decision  of  this  ques- 
tion, therefore,  affords  an  experimentum  crucis  between  the  two 
theories. 

Foucault  {Ann.  de  Chimie,  III.  xli.  129)  and  Fizeau  have,  in- 
dependently of  each  other,  by  a  beautiful  application  of  the  re- 
volving mirror,  first  used  by  Wheatstone,  succeeded  in  solving  this 
important  question ;  by  direct  measurement  they  find  that  light  is 
retarded  in  the  denser  medium :  the  relative  velocity  being  in- 
versely as  the  refi:ticting  indices  of  the  media  compared.  Conse- 
quently the  theory  of  emission  cannot  be  longer  maintained. 

(114)  Width  and  Frequency  of  UndukUions  of  Light. — The  un- 
dulatory hypothesis  accounts  for  differences  in  the  intensity  of  the 

light  K  s,  fig.  89,  by  differences  in  the 
^^®*  ®9'  amplitude  or  excursion,  a  b,  of  the  un- 

■  rL  dulation ;  and  for  the  phenomena  of 

^^'\f    \    /   \    J^   colour  by  differences  in  the  length, 
*  a  c,  and  in  the  frequency  of  the  un- 

dulations ;  just  as  in  the  phenomena  of  sound,  the  pitch  of  the  note 
is  proved  to  depend  upon  the  nimiber  of  vibrations  in  a  given  time  : 
but  the  extent  through  which  the  ear  appreciates  proportionate  diffe- 
rences of  rapidity  in  the  undulations  which  produce  sound,  is  much 
greater  than  that  which  the  eye  can  estimate  in  the  case  of  light. 
Most  persons  can  conceive  musical .  sounds  in  which  all  possible 
variety  exists  between  16  and  3048  vibrations  in  a  second,  i.  e,, 
including  a  range  of  eight  octaves,  in  the  highest  of  which  the 


*  Or,  according  to  more  recent  oompntationB  of  astronomers,  1 76,000,000 
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vibrations  are  128  times  more  numerous  than  in  the  lowest. 
With  light  the  range  is  much  more  limited,  and  extends  not  quite 
so  far  as  fix)m  I'oo  to  175.*  The  average  length  of  a  wave  of 
white  light  is  s-Tj-rfro  of  an  inch ;  but  the  length  of  the  wave,  as 
well  as  its  frequency,  differs  in  the  different  colours :  in  red  light 
it  is  longer,  being  about  34^00  of  an  inch,  while  in  violet  it  is 
o^ly  doooo-  The  number  of  vibrations  is  estimated  at  five 
hundred  million  millions  per  second  (500,cx>oooo,oooooo)  in  white 
light;  in  red  light  at  482,000000,000000;  and  in  violet  light  at 
as  much  as  707,000000,000000. 

Interference. 

(115)  Illustrations  of  Interference  of  Undulations. — One  of 
the  simplest,  and  at  the  same  time  most  beautifiil  proo&  of  the 
analogy  in  the  mechanism  by  which  sound  and  light  are  pro- 
duced, is  exhibited  in  the  phenomena  included  under  the  term 
interference. 

It  is  well  known  that  when  two  stretched  strings,  not  quite 
in  unison  with  each  other,  are  struck  simultaneously,  each  gives 
its  own  note,  and  the  compound  sound  produced,  instead  of  dying 
away  gradually  and  uniformly,  is  subject  to  a  succession  of  alternate 
maxima  and  minima  of  intensity ;  the  sound  alternately  dies  away 
and  revives  several  times  in  succession  before  it  -becomes  finally 
inaudible;  it  thus  produces  what  are  termed  beats  in  the  notes. 
These  beats  are  due  to  the  interference  with  each  other  of  the 
vibrations  fix)m  the  two  strings.  As  one  string  is  vibrating  a  little 
faster  than  the  other,  it  must  happen  that  the  direction  of  the 
vibrations  in  the  two  strings  at  certain  moments  must  coincide ; 
at  this  point  we  have  the  maximum  of  sound ;  the  periods  of  vibra- 
tion will  then  gradually  recede,  and  ultimately  oppose  each  other, 
when  they  produce  a  momentary  silence. 

Again,  when  two  equal  impulses  are  given  at  a  little  distance 
from  each  other  upon  the  surface  of  a  sheet  of  still  water,  each 
becomes  the  centre  of  a  system  of  waves,  which  ultimately  cross 
each  other,  and  alternately  increase  and  diminish  the  effect  of  each 
other.  For  example,  if  in  fig.  90  the  concentric  circles  represent 
two  equal  systems  of  waves  in  water,  setting  out  simultaneously, 
they  will  intersect  each  other;  the  length  of  the  wave  in  each 
system  is  the  same :  where  the   crests  of  the  waves  coincide,  the 


*  The  range  in  the  inyisible  portion  of  the  Bpectmm  is,  howeyer,  much 
greater  for  the  rays  which  produce  fluorescence  and  chemical  action. 
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elevation  will  be  doubled : 
but  where  the  creat  of  one 
wave  coincides  with  the  de- 
pression of  the  other,  the 
water  will  retain  its  level 
surface.  These  points  will 
occur  in  regular  succession, 
and  form  '  lines  of  double 
disturbance  and  no  distur- 
bance.' The  lines  of  double 
disturbance,  indicated  in 
the  diagram  by  the  points  where  the  circles  touch  or  cut  each 
other,  occur  at  distances  which  differ  by  the  entire  width  of  one 
or  more  waves,  or  by  an  even  number  of  half  waves.  The  inter- 
me^ate  points,  or  points  of  no  disturbance,  are  situated  at  dis- 
tances &om  the  centres  differing  by  an  odd  number  of  half  waves : 
the  first  will  occur  at  the  distance  of  half  a  wave ;  the  second  at 
a  wave  and  a  half;  the  third  at  two  waves  and  a  half,  and  so  on. 
Now  these  phenomena  of  undtilation  in  air  and  in  water  have  an 
exact  counterpart  in  the  case  of  light. 

If  a  beam  ©flight  of  a  single  colour  be  admitted  into  a  darkened 
room  by  two  small  apertures  in  a  thin  sheet  of  metal,  such  as  pin- 
boles,  placed  very  near  each  other,  and  the  light  which  enters  be 
allowed  to  fall  upon  a  screen  just  beyond  the  point  where  the  outer- 
most rays  of  the  two  cones  intersect  each  other, — a  spot  of  increased 
brightness  is  seen  where  the  screen  is  intersected  by  a  line  at  right 
angles  to  it,  and  which  also  bisects  at  right  angles  the  line  joining 
the  two  pin-holes;  on  cither  side  of  this  bright  spot  will  be  a 
series  of  bands,  alternately  dark  and  bright,  although  the  dark  bauds 
as  well  as  the  bright  ones  are  receiving  the  rays  from  both  aper- 
tures. The  addition  of  light  to  light  has  here  produced  darkness. 
Let  o,  Q,  fig.  91,  represent  the  two 
pin-holes,  and  a  b  c  d,  a  section  of 
the  screen;    let  p  a  bisect  the  dis- 

y  tance  between  the  apertures  at  right 

angles,  and  fall  vertically  on  the 
'  screen.  If  the  spots  a,  b,  c,  d, 
each  represent  the  centre  of  a  bright  band,  o  A,  Q  a,  will  be 
formed  of  rays  the  paths  of  which  are  equal ;  o  b,  q  b,  will  differ 
by  the  length  of  one  wave ;  o  c,  q  c,  by  two  waves ;  o  d,  q  d,  by 
three  waves  :  and  the  black  bands  between  the  bright  ones  will  be 
formed  by  the  interfering  of  rays,  the  paths  of  which  differ  in 
length  successively  by  half  a  wave,  a  wave  and  a  half,  two  waves 


Fro.  91. 


INTERFERENCE — COLOURED  BANDS.  189 

and    a   half,    &c. — (Lloyd's    Lectures   on   the    Wave    Theory   of 
light.) 

The  length  of  the  paths  traversed  by  the  rays  fix)m  each 
aperture  is  equal  in  the  central  spot  a,  and  the  intensity  of  the 
light  is  therefore  increased ;  but  since  the  path  of  the  rays  on  either 
side  of  this  becomes  more  or  less  oblique  by  regular  increase  or 
decrease,  the  lengths  of  those  paths  must  necessarily  be  gradually 
and  progressively  either  augmented  or  diminished ;  consequently 
the  number  of  undulations  in  each  will  be  proportionately  increased 
or  diminished.  When  the  lengths  of  the  paths  of  the  two  rays 
differ  by  an  even  number  of  half  undulations,  that  is  to  say  by 
entire  undulations,  a  bright  band  is  the  result ;  when  they  differ 
by  an  odd  number  of  half  undulations,  darkness  ensues.  Now 
as  the  inclination  is  progressive,  there  is  necessarily  a  progressive 
passage  from  the  brightest  light  to  the  most  complete  darkness. 
By  intercepting  the  light  from  one  aperture,  all  the  dark  bands 
disappear.  The  measurement  of  the  breadth  of  one  of  these 
bands  affords  one  means  of  determining  the  length  of  a  wave 
of  light  of  that  particular  colour,  if  the  length  of  a  p  be  known. 
Further,  since  the  length  of  a  wave  of  light  differs  in  lights  of 
different  colour  and  refrangibility,  being  longest  in  the  red  or 
least  refrangible,  and  shortest  in  the  violet  or  most  refrangible 
ones,  the  coloured  bands  are  broadest  in  the  red  and  narrowest  in 
the  violet ;  and  if  the  experiment  illustrated  by  fig.  9 1  be  performed 
with  white  light  instead  of  with  monochromatic  light,  the  overlap- 
ping of  the  bands  of  the  different  colours  will  produce  a  succession 
of  iridescent  or  coloured  bands,  instead  of  mere  alternations  of  light 
and  darkness. 

The  phenomenon  of  interference  is  one  of  the  most  ftinda- 
mental  properties  of  light :  indeed  it  takes  place  with  common  light 
under  all  circumstances;  but  the  disturbing  causes  in  ordinary 
cases  exactly  compensate  each  other,  and  it  is  only  by  intercepting 
part  of  a  pencil  of  rays,  so  as  to  remove  one  half  of  the  compen- 
sating system,  that  the  disturbance  produced  by  the  remaining  half 
becomes  manifest,  as  in  the  experiments  just  described.  If  upon 
a  brilliant  plane  reflecting  surface,  such  as  a  polished  plate  of  steel, 
a  number  of  very  fine  lines  be  traced  at  equal  intervals,  so  that 
there  may  be  from  1000  to  20,000  per  inch,  a  surface  is  obtained 
which  reflects  a  multitude  of  diverging  cones  of  light,  in  conse- 
quence of  the  absence  of  reflection  at  regular  intervals  correspond- 
ing to  the  grooves ;  these  cones  of  rays  interfere  at  their  edges 
without  compensation,  and  a  series  of  colours  of  the  most  brilliant 
tints  is  perceptible.      A  variety  of  natural  objects  owe  the  beau- 
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tifiil  iridescent  play  of  colours  which  they  exhibit,  to  a  structure  of 
this  kind ;  instances  of  this  occur  in  the  feathers  of  many  birds. 
The  hues  of  mother  of  pearl  and  other  shelly  structures  are  also  due 
to  their  mode  of  formation  in  successive  extremely  thin  laminae,  the 
edges  of  which  form  a  series  of  grooves  upon  their  surfaces,  and 
thus  produce  the  phenomenon ;  impressions  of  these  grooves  may 
often  be  taken  in  sealing-wax  or  in  fusible  metal,  and  the  same 
play  of  colours  is  then  obtained  in  the  impressions. 

(ii6)  Colours  of  Thin  Plates. — A  difiFerent  set  of  colours,  also 
dependent  for  their  origin  upon  interference,  arc  those  termed  the 
colours  of  thin  plates.  By  dipping  the  mouth  of  a  wine  glass  into 
a  solution  of  soap  in  water,  or  what  is  stiU  better,  into  gum- water, 
a  bubble  may  be  formed  across  it ;  if  the  glass  be  laid  upon  its 
side,  the  film  becomes  gradually  thinner  and  thinner  from  the 
action  of  gravity,  and,  if  viewed  by  reflected  light,  a  series  of  irides- 
cent tints  is  developed,  increasing  in  brilliancy  until  the  bubble 
becomes  reduced  to  a  state  of  extreme  tenuity ;  it  then  appears  to 
become  black  at  the  thinnest  point,  and  speedily  bursts.  These 
colours  are  due  to  the  interference  of  a  part  of  the  light  which  is 
reflected  from  the  second  surface  of  the  film,  with  that  which  is 
reflected  from  the  first  surface.  Any  transparent  object,  such  as 
glass,  thin  films  of  metallic  oxides,  mica,  &c.,  if  reduced  to 
laminse  of  sufficient  thinness,  will  produce  the  same  effect!  The 
particular  colour  is  dependent  on  the  thickness  of  the  film.  In 
tempering  steel,  its  surface  becomes  covered  with  a  film  of  oxide, 
and  the  workmen  judge  of  the  heat  by  the  colour  produced ;  the 
higher  the  temperature  which  is  applied,  the  thicker  does  the  film 
become. 

^^^*  9^'  The  laws  which  regulate  this 

phenomenon  were  traced  with 

great  success  by  Newton.     He 

placed  a  convex  lens,  of  a  very 

long  radius  of  curvature,  upon 

the  flat  surface  of  a  plano-convex  lens.     Fig.  92  shows  a  section 

of  both   lenses,   the   curvature  of  which  is  much  exaggerated. 

Pj^  Around  the  point  of  contact  the  rings 

developed  themselves  with  a  black  spot 
in  the  centre,  in  an  order  dependent 
upon  the  thickness  of  the  film  of  air 
included  between  the  two  plates  (fig. 
93).  Knowing  the  convexity  of  the 
upper  lens,  he  was  able  to  calculate 
the  thickness  of  the  film  required  to 
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produce  any  given  tint.  He  thus  found  that  there  is  a  limit  to  the 
thickness  of  all  transparent  objects,  below  which  they  cease  to  be 
visible  in  reflected  light,  and  another  thickness  above  this,  beyond 
which  they  reflect  only  white  light :  between  these  two  thicknesses 
the  phenomena  which  we  are  now  considering  take  place.  The 
thickness  of  the  film  which  produces  any  given  colour  varies  with 
the  nature  of  the  reflecting  plate,  being  in  the  inverse  ratio  of  its 
reCractive  index.  At  and  below  the  thickness  of  ^  ^  o  o  o  6  6  ^f  ^t^ 
inch  the  film  of  air  exhibits  a  black  spot  when  viewed  by  reflection, 
and  above  -nroVoiJir  i^  reflects  white  light.  In  water  at  ^  of  a 
millionth  of  an  inch  a  black  spot  is  formed ;  above  TTnrroinr  ^^^ 
reflected  light  is  white.  Glass  produces  the  same  result  at  all 
thicknesses  below  Tinri oo^  oi  an  inch,  and  reflects  white  light 
at  all  thicknesses  above  — o~oVo  o  6  of  an  inch. 

The  order  of  succession  of  the  colours  constitutes  what  is  termed 
Netcton's  scale.  Six  or  seven  series  of  coloured  bands  may  thus 
be  distinctly  traced.  These  rings  when  produced  by  homogeneous 
light  are  alternately  bright  and  black ;  the  width  of  the  ring  is 
dependent  upon  the  colour,  and  is  greatest  in  the  least  refrangible 
light.  The  overlapping  of  the  narrow  rings  by  the  broader  ones 
in  the  mixed  light  of  day,  is  thus,  as  in  the  case  of  the  coloured 
bands  produced  by  interference,  the  cause  of  the  brilliant  suc- 
cession of  colours. 

A  similar,  but  fainter  series  of  colours,  may  be  seen  in  the 
light  that  is  transmitted  through  the  film,  but  the  tints  are  in  this 
case  complementary  to  those  of  the  reflected  rays.  By  increasing 
the  obliquity  of  the  incident  rays,  the  breadth  of  the  rings  is 
increased  in  both  transmitted  and  reflected  light.  The  tints  of  the 
transmitted  rays  are  much  paler  than  those  seen  by  reflection ; 
they  are  produced  by  the  interference  of  a  portion  of  light  twice 
reflected  within  the  plate,  with  the  beam  directly  transmitted : — 

In  fig.  94, 1  R  represents  a  beam  j.^^ 

of  light  incident  upon  the  film,  shown 
in  magnified  section  at  p  f  ;  part  of 
the  light,  R  Y,  is  reflected,  and  part, 
R  s  T,  transmitted  ;  at  s,  the  second 
surface  of  the  film,  a  portion  of  the 
light  is  again  partially  reflected  to  u  ; 
at  u  part  is  transmitted,  and  inter- 
feres with  the  reflected  portion,  u  x, 
of  the  beam  k  u,  which  falls  upon  the 
upper  surface  of  the  film  at  the  spot  where  s  u  emerges.  Now,  since 
the  lengths  of  the  paths  of  the  rays^  i  r  s  u^  and  k  u  differ  by  a 
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fraction  of  an  uadulatiouj  owing  to  the  refiraction  and  reflection  of 
the  portion  a  b  c  within  the  film,  interference  between  the  two  rays 
is  the  result,  and  colours  are  produced  in  the  reflected  beam ;  in  addi- 
tion to  this  action,  a  part,  u  v  w,  of  the  beam,  i  R,  is  a  second  time 
reflected,  and  passing  out  on  the  lower  surface  of  the  film,  iutcr- 
ferea  with  the  portion  of  k  u,  which  is  directly  transmitted,  and 
thus  the  colours  in  the  transmitted  light  are  occasioned.  The 
dotted  line,  v  z,  represents  the  track  which  is  taken  by  the  portion 
of  the  ray  k  o  v,  which  undergoes  reflection  from  the  internal 
lower  surface  of  the  film. 

Double  Reaction — Polarization. 
(117)  Double  Refraction. — The  law  of  refraction  (loi),  which 
ia  true  for  water,  for  glass,  and  for  other  homogeneous  uncrystallized 
media,  does  not  extend  to  all  transparent  bodies.  In  all  trans- 
parent crystals,  excepting  those  belonging  to  the  regular  system, 
the  refracted  ray  is  subdivided  into  two  portions,  and  hence  such 
bodies  are  said  to  possess  the  property  of  double  rejraction. 

This  remarkable  action  upon  light   is  best  exhibited  in  the 
transparent  crystallized  variety  of  carbonate  of  calcium,  known  as 
Iceland  spar.     Place  upon  a  dot,  d,  made  upon  a  sheet  of  white 
J.  paper,  a  rhombohedron  of  Iceland  spar,  as 

— ^  A  B,  fig.  95,  and  look  down  upon  the  dot 
^  through  two  of  the  parallel  feces  of  the 
rhomb :  two  images,  0,  e,  of  the  dot  will 
be  seen  instead  of  a  single  one ;  and  if  the 
crystal  be  turned  round  upon  the  paper, 
keeping  the  eye  steadily  fixed,  one  of  the 
images  will  appear  to  rotate  round  the 
other,  which  preserves  its  fixed  position. 
The  line  which  joins  the  two  images  of  the 
dot  is,  under  all  circumstances,  parallel  to 
the  diagonal,  ab,  connecting  the  two  obtuse 
angles  of  the  crystal :  around  this  line  the  different  parts  of  the 
crystal  are  symmetrically  arranged.  Upon  varying  the  obliquity 
of  the  incident  ray  upon  the  surface,  it  is  found  that  the  refracted 
ray  which  was  stationary  during  the  movement  of  rotation,  preserves 
the  constant  ratio  of  the  sines,  and,  as  in  ordinary  cases  of  refrac- 
tion, lalb  always  in  the  plane  of  the  incident  ray ;  whilst  in  the 
other  ray  the  ratio  of  the  sines  varies  at  different  obliquities  of  the 
incident  ray ;  and,  excepting  in  two  positions  of  the  crystal,  this 
refracted  ray  never  occurs  in  the  plane  of  incidence.  One  of  the 
refracted  rays  follows  nearly  the  usual  law  of  refraction,  and  is 
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lience  termed  the  ordinary  ray ;  while  the  other  follows  a  different 
law,  and  is  called  the  extraordinary  ray.  There  is  one  remarkable 
direction  in  the  crystal,  in  which  this  splitting  of  the  ray  does  not 
take  place, — a  direction  parallel  to  the  line  which  connects  the 
two  obtuse  angles  of  the  rhombohcdron ;  this  line  is  called  the 
optic  axis  of  the  crystal.  To  render  this  obvious,  a  slice  of  the 
mineral  may  be  cut  in  a  direction  perpendicular  ^o  -p  ^ 
the  optic  axis,  a  6,  fig.  96 :  it  will  be  found  on 
looking  at  a  minute  object  perpendicularly  through 
such  a  plate,  that  a  single  image  of  it  only  will  be 
seen.  In  all  other  positions,  a  double  image  will 
be  visible.  The  separation  of  the  two  images  in- 
creases with  the  obliquity  of  the  incident  light  to 
the  optic  axis,  until  it  is  at  right  angles  to  it,  when  it  attains  its 
maximum.  The  point  at  which  the  difference  between  the  two 
rays  attains  its  maximum  is  selected  for  determining  the  index  of 
refiraction  for  the  extraordinary  ray.  In  the  case  of  Iceland  spar, 
the  extraordinary  ray  is  refracted  less  powerfiilly  than  the  ordi- 
nury  ray;  such  crystals  are  termed  negative  doubly  refracting 
crystals.  Instances,  however,  are  not  wanting  in  which  the  extra- 
ordinary ray  undergoes  the  greater  refraction  of  the  two,  as  in 
quartz  and  ice.    Such  crystals  are  said  to  be  positive  or  attractive. 

Both  rays,  if  they  emerge  from  a  surface  parallel  to  the  one  at 
which  the  incident  ray  entered,  are  parallel  to  each  other;  but  if 
the  surface  be  inclined,  both  rays  proceed  with  increasing  diver- 
gence, each  exhibiting  the  colours  of  the  prismatic  spectrum.  In 
all  cases,  the  thicker  the  crystal  the  greater  is  the  separation  of 
the  two  images. 

(118)  Influence  of  Crystalline  Form  on  Double  Refraction, — 
Crystallized  substances  may  be  divided  into  two  classes,  according 
to  their  action  upon  light ;  and  their  optical  properties  are  inti- 
mately related  to  their  crystalline  form.     Thus  we  have : — 

1.  Singly  refracting  crystals : — These  all  belong  to  the  regular 
system. 

2.  Doubly  refracting  crystals : — These  may  be  further  divided 
into  two  sub-classes,  a.  The  first  sub-class,  like  Iceland  spar,  pre- 
sents only  one  optic  axis  in  which  no  double  refraction  occurs, 
and  it  includes  all  crystals  of  the  rhombohedral  and  pyramidal 
systems;  such  crystals  are  termed  uniaxal.  b.  The  second,  of 
which  aragonite  and  nitre  are  examples,  comprises  all  crystals  of 
the  three  remaining  systems, — namely,  the  prismatic,  the  oblique, 
and  the  doubly  oblique  systems :  they  have  two  optic  axes,  which, 
however,  do  not  coincide  with  any  of  the  crystalline  axes,  but 
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occur  in  resultant  directions  between  them.  Such  crystals  are 
said  to  be  biaxal. 

In  biaxal  crystals,  both  the  doubly  refracted  rays  obey  extra- 
ordinary laws  of  refraction. 

(119)  Polarization. — Light  that  has  been  transmitted  through 
a  doubly  refracting  prism,  has  undergone  a  remarkable  modifica- 
tion. If  received  upon  a  second  crystal  of  Iceland  spar  of  equal 
thickness,  placed  in  a  position  similar  to  that  of  the  first  (fig.  97,  i), 

Fig.  97. 
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both  rays  pass  through  it  unchanged,  except  that  they  are  sepa- 
rated  ftirther  from  each  other  in  proportion  to  the  thickness  of  the 
crystal,  but  the  extraordinary  ray  will  still  be  refracted  extra- 
ordinarily, and  the  ordinary  ray  ordinarily  j  the  principal  sections'^ 
of  the  two  crystals  are  parallel.  On  causing  the  second  plate  to 
describe  a  quarter  of  a  revolution,  so  that  the  principal  sections 
shall  be  at  right  angles,  as  shown  at  2,  still  but  two  images  will 
be  seen  j  but  now,  the  ordinary  ray  is  refracted  extraordinarily, 
the  extraordinary  ray  is  refracted  ordinarily.  When  the  second 
crystal  describes  another  quarter  of  a  revolution  as  at  3,  only  one 
image  is  visible,  the  rays  separated  by  the  first  are  reunited  by  the 
second;  in  all  other  intermediate  positions,  each  ray  is  doubly 
refracted,  and  four  images  become  visible :  the  intensity  of  the 
images  taken  together  is  constant,  one  pair  fading  as  the  other 
increases  in  brightness,  and  vice  versd.  Each  ray,  therefore,  on 
emerging  irom  a  crystal  of  calcareous  spar,  has  acquired  new  pro- 
perties ;  it  is  no  loDger  subject  to  further  subdivision  by  a  second 
crystal  when  placed  in  particular  positions.  The  rays  in  fact 
appear  to  have  acquired  sides,  and  to  have  new  relations  to  certain 
planes  within  the  crystal ;  such  rays  are  said  to  be  polarized. 

Many  crystals  when  cut  into  plates  parallel  with  their  axis, 
produce  a  similar  eflFect  upon  the  light  which  passes  through 
them  j  some  kinds  of  tourmaline  exhibit  this  phenomenon  in  a 


*  In  unihxal  crvstals  a  principal  section  is,  in  optical  language,  a  plane 
which  passes  parallel  to  the  optic  axis,  and  perpendicular  to  any  face  of  the 
crystal,  natural  or  artificial,  upon  which  the  bght  is  incident. 
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Tei7  marked  manner.  Tourmaline  is  a  doubly  re&actiQg  pris- 
matic crystal,  which  transmits  the  extraordinary  ray  aloae,  and 
absorbs  the  ordinary  ray.  If  a  plate  of  this  mineral,  cut  from  a 
brown  or  green  specimen,  parallel  to  the  axis  of  the  prism,  a  a, 
(fig.  98,  1),  be  placed  between  the  eye  and  the  candle,  a  eousider- 
able  portion  of  light  will  traverse  the  plate,  and  the  amount  of 
light  will  be  in  no  way  affected  on  turning  the  plate  round  in  its 
own  plane;  but  if  light  which  has  been  thus  transmitted  through 
one  plate  of  this  mineral,  be  allowed  to  fall  upon  a  second  simihur 
plate,  it  will  traverse  this  without  Fio.  98. 

interruption  only  when  the  axes 
of  the  two  plates  arc  parallel 
(Rg.  98,  1) ;  but  it  will  be  com- 
pletely interrupted  where  the 
plates  overlap,  when  the  second  _ 
plate  is  made  to  describe  a  quar- 
ter of  a  rotation  in  its  own  plane, 
2  ;  the  axes  of  the  two  plates  are 
then  at  right  angles  to  each  other  :  in  all  intermediate  positions, 
light  will  be  transmitted  with  greater  or  with  less  intensity,  accord- 
ing as  the  axes  are  more  nearly  parallel,  or  perpendicular  to  each 
other. 

If  the  two  pencils  emerging  from  a  rhomb  of  Iceland  spar  be 
examined  by  means  of  a  plate  of  tourmaline,  it  will  be  found  that 
the  ordinary  image  is  most  intense  when  the  axis  of  the  tourma- 
line is  at  right  angles  to  the  principal  section  of  the  rhombohedrouj 
and  that  it  is  extinguished  when  the  axis  of  the  tourmaline  is 
parallel  to  the  principal  section,  whilst  the  opposite  results  occur 
with  the  extraordinary  ray.  Both  rays  are  therefore  polarized,  but 
under  different  circumstances. 

(120}  Polarization  by  Reflection. — Polarization  may  also  be 
effected  by  means  of  reflection.  Whenever  light  is  reflected  from 
the  surface  of  a  transparent  medium,  a  certain  portion  of  such 
light  undergoes  this  remarkable  change ;  and  at  a  particular  angle, 
varying  with  each  medium  according  to  its  refractive  power,  the 
whole  of  the  incident  light  that  is  reflected  is  polarized.  This 
effect  takes  place  when  the  reflected  and  the  refracted  ray  form  a 
right  angle  with  each  other :  consequently  the  higher  the  refract- 
ing power  the  greater  is  the  polarizing  angle :  with  crown  glass 
this  angle  is  56°  45',  with  water  53°  11',  and  with  Iceland  spar 
58°  ji'. 

When  light  which  has  been  polarized  by  any  of  these  means  is 
examined  by  a  reflecting  plate,  inclined  to  the  ray  at  the  polarizing 
o2 
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augle>  other  remarkable  properties  are  observed.  Common  light 
mriU  be  reflected  indifferently,  whether  the  reflecting  plate  be 
placed  above  or  below  the  ray,  to  the  right  or  to  the  left  of  it,  though 
the  inclination  of  the  plate  to  the  ray  continue  to  be  the  same. 
It  18  not  80  with  polarized  light :  suppose  a  beam  thus  affected  to 
fall  upon  any  transparent  reflector  inclined  to  the  ray  at  the 
polarising  angle;  if  the  light  be  completely  reflected  when  the 
mirror  is  placed  below  the  ray,  it  will  not  be  reflected  at  all  but 
be  wholly  transmitted  when  the  plate  is  placed  on  either  side, 
and  when  placed  above  it  will  again  be  wholly  reflected ;  at  inter- 
mediate points  part  will  be  reflected  and  the  remainder  transmitted; 
the  proportion  which  is  reflected  is  greater  the  more  nearly  the 
plane  of  the  second  reflection  coincides  with  that  of  the  first,  the 
light  being  wholly  transmitted  when  the  two  are  at  right  angles 
to  each  other. 

These  facts  admit  of  easy  experimental  proof.     Provide  two 
tubes,  B,  c  (fig.  99),  which  are  fitted  so  as  to  allow  of  their  being 

turned  round  one  within 
Fio.  99. 


Vo 


the  other.  Fasten  ob- 
liquely to  the  end  of 
each  tube  a  flat  trans- 
parent plate  of  glass,  p, 
A,  so  as  to  form  an 
angle  of  56°  45'  between 
the  line  p  a,  and  a  per- 
pendicular to  the  point  at  which  p  a  falls  upon  the  surface  of  each 
plate.  The  tube  b,  with  its  attached  plate  a,  can  now  be  turned 
round  on  the  tube  c,  without  altering  the  inclination  of  the  plate  to 
a  ray  passing  along  the  axis  of  the  two  tubes ;  but  the  plate  a, 
aooording  to  its  position,  will  reflect  the  ray  upwards  or  down- 
wards, to  the  right  or  to  the  left.  We  can  therefore  alter  the 
jilano  in  which  the  reflection  is  produced,  without  altering  the 
angle  of  the  reflector  to  the  ray.  If  the  light  be  common  light, 
mioh  as  that  from  a  candle  placed  as  at  j,  no  matter  whether  the 

plate  A  be  placed  below 
the  ray  as  in  fig.  99^  or 
above  it  as  in  fig.  100, 
or  to  the  right  or  to  the 
left,  an  obsener  placed 
in  the  direction  which 
the  reflected  ray,  o, 
would  follow,  would  see 
the   candle    distinctly : 


Fio.  100. 


<•— v« 
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but  the  case  would  be  diflTerent  if  the  candle  were  placed  as  at  i, 
where  the  light  would  be  reflected  from  the  plate  p,  along  the  axis  of 
the  tubes ;  by  reflection  at  this  particular  angle  it  would  be  pola- 
rized. So  loug  as  the  plate  a  retains  the  position  represented  in  fig. 
99,  the  reflected  ray  would  fall  in  the  same  plane  as  that  in  which 
polarization  took  place,  and  the  candle  would  be  seen  by  an  ob- 
server stationed  in  the  direction  of  the  reflected  ray.  But  suppose 
the  tube  b  to  be  turned  slowly  round  the  ray ;  by  following  the 
image  as  the  tube  is  turned,  the  light  of  the  candle  will  be  seen 
to  become  gradually  fainter  and  fainter,  until,  when  the  tube  has 
been  turned  a  quarter  of  the  way  round,  it  will  be  almost  invisible ; 
the  plane  of  reflection  is  now  at  right  angles  to  that  of  polariza- 
tion, and  the  light  which  falls  upon  a  is  almost  wholly  trans- 
mitted :  on  turning  it  further,  the  light  again  becomes  more  and 
more  distinct,  till,  when  the  tube  has  been  turned  half  round,  the 
candle  is  seen  as  brightly  as  at  first ;  the  plane  of  reflection  again 
coincides  with  that  of  polarization  :  if  it  be  turned  still  further,  at 
the  third  quadrant  the  light  again  disappears,  until,  on  completing 
the  revolution,  it  is  as  distinctly  visible  as  at  first. 

The  plane  of  incidence,  or  the  plane  of  reflection  in  which  the 
polarization  was  produced,  is  called  the  plane  of  polarization.  The 
original  plane  of  polarization  may  be  easily  ascertained  in  any  ray, 
by  whatever  means  it  may  have  been  polarized,  because  it  is  always 
at  right  angles  to  the  plane  in  which  extinction  occurs  when  the 
ray  is  examined  by  a  reflecting  glass  mirror,  inclined  to  the  ray 
at  the  polarizing  angle.  In  this  manner  it  is  proved  not  only  that 
the  doubly  refracted  rays  transmitted  by  Iceland  spar  are  each 
polarized,  but  that  they  are  polarized  in  planes  at  right  angles  to 
each  other,  the  ordinary  ray  being  polarized  in  the  plane  of  emer- 
gence :  in  the  case  of  tourmaline,  it  is  found  that  the  emergent  ray 
is  polarized  in  a  plane  perpendicular  to  the  axis  of  the  crystal. 

When  the  condition  of  polarization  has  once  been  impressed 
upon  a  beam  of  light,  it  continues  to  be  permanent,  whether  the 
subsequent  course  of  the  ray  be  long  or  short,  provided  it  continue 
in  a  homogeneous  medium. 

(121)  Distinction  between  Common  and  Polarized  LigJU. — 
Every  beam  of  common  light  appears  to  consist  of  a  rapid  succes- 
sion of  systems  of  waves,  each  system  undulating  in  a  determinate 
plane,  always  at  right  angles  to  the  direction  pursued  by  the  ray ; 
but  the  inclination  of  this  plane  in  one  system  varies  at  all  possible 
angles  with  the  plane  of  vibration  in  the  preceding  and  succeeding 
systems.  As  a  resultant  of  these  various  motions,  common  light 
9iay  be  regarded  as  composed  of  two  beams  of  light  which  are 
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vibrating  in  planes  at  right  angles  to  each  other.     Polarized  light, 
differs  from  ordinary  light   in  being  produced  by  vibrations  in  a 
single  plane   only,  that  plane  being  coincident  with  the  plane  of 
polarization  (Holtzmann) ;  '  and   the  phenomenon  of  polarization 
consists  simply  of  the  resolution  of  the  vibrations  of  common  light 
into  two  sets,  in  two  rectangular  directions,  and  the   subsequent 
separation  of  the  two  systems  of  waves  thus  produced    (Lloyd, 
Wave  Theory  of  Light,  ii.  29).     The  effect  of  a  crystal  of  Iceland 
spar  upon  common  light  will  be  best  understood  by  considering 
it«  action  upon  a  beam  which  has  been  already  polarized.     When 
a  beam  of  light  polarized  in  any  given  plane  falls  upon  a  crystal 
of  Iceland  spar,  it   is  split  into  two  portions,  the  relative  inten- 
sity of  which  varies  with  the  inclination  of  the  plane  of  polariza- 
tion to  the  principal  section  of  the  crystal,  one  beam  vanishing 
altogether  when  the  other  is  at  a  maximum.     Now  common  light 
consists  of  successive  systems  of  waves,  each  system,  during  the 
minute  fraction  of  a  second  which  forms  the  period  of  its  dura- 
tion, being  in  the  condition  of  a  polarized  beam ;  for  its  vibrations 
occur  in  one  definite  plane.     When  the  undulations  belonging  to 
one  of  these  systems  fall  upon  the  spar,  they  are  divided  into  two 
pencils   of  unequal  intensity,  but  owing  to  the  extremely  brief 
duration  of  each  system,  the  pencils  produced  by  several  hundred 
of  these  systems  in  succession  are  simultaneously  (so  far  as  the  eye 
can  perceive)  thrown  upon  the  same  spot;  the  greater  intensity 
of  the  light  produced  by  some  of  these  systems  compensates  for 
the  feebler  intensity  of  others,  and  the  resultant  effect  is  the  pro- 
duction of  two  beams  which  are  of  equal  intensity  whatever  be 
the  position  of  the  spar.     The  result  of  the  analysis  is  the  same 
as  that  which  would  have  been  yielded  by  a  compound  ray,  con- 
sisting of  two  other  rays  polarized  in  planes  at  right  angles  to  each 
other,  one  plane  coinciding  with  the  principal  section  of  the  crystal, 
and  the  other  being  at  right  angles  to  it. 

Since  the  vibrations  of  a  polarized  ray  always  occur  in  the 
same  plane,  we  may,  with  the  assistance  of  a  rude  illustration, 
form  some  idea  of  the  reason  why  it  appears  to  be  possessed  of 
sides.  If  we  imagine  the  reflecting  surface  to  be  made  up  of  a 
series  of  parallel  fibres  lying  only  in  one  direction,  these  fibres 
would  allow  the  passage  of  all  the  rays  in  common  light  which 
undulate  in  a  plane  parallel  to  their  direction,  and  would  reflect 
the  rest :  whilst  polarized  light,  if  undulating  in  a  plane  parallel 
to  the  fibres,  would  be  wholly  transmitted ;  but  if  its  undulations 
were  in  a  plane  at  right  angles  to  the  fibres  it  would  be  wholly 
reflected. 
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(122)  Polarization  by  Bundles  of  Plates. —  Fio.  loi. 
Light  may  also  be  polarized  at  other  angles  by  a 
series  of  successive  reflections  fix)m  several  trans- 
parent plates ;  a  pile  of  glass  plates,  as  shown  at 
fig.  101,  is  often  made  use  of  for  this  purpose; 
part  of  the  light  is  transmitted  whatever  may  be 
the  angle  of  incidence :  but  the  light  polarized 
by  reflection  is  always  equal  in  quantity  to  that  which  is  polarized 
by  transmission,  and  it  is  polarized  in  a  plane  at  right  angles  to  it. 

(123)  Rotation  of  Plane  of  Polarization  by  Analyser. — In  all 
cases  where  a  polarized  beam  is  received  on  a  reflecting  or 
analysing  surface,  the  plane  of  reflection  of  which  does  not 
coincide  with  the  plane  of  polarization,  the  plane  of  polarization 
becomes  changed.  The  rotation  of  the  plane  of  polarization  is 
always  towards  that  of  reflection,  and  the  amount  of  this  rotation 
depends  upon  the  angle  of  incidence  which  the  ray  forms  with 
the  analysing  plate.  If  the  light  be  incident  upon  the  analysing 
plate  at  the  polarizing  angle,  the  plane  of  polarization  is  brought 
to  coincide  with  that  of  reflection :  but  the  rotation  of  the  plane 
of  polarization  is  less  in  proportion  as  the  angle  of  incidence 
differs  more  from  the  polarizing  angle :  a  corresponding  alteration 
in  the  plane  of  polarization  is  effected  by  refraction  upon  the 
transmitted  beam,  but  it  is  in  an  opposite  direction. 

(124)  Colours  of  Polarized  Light. — When  a  beam  of  polarized 
light  is  transmitted  in  particular  directions  through  plates  of  doubly 
refracting  bodies,  a  series  of  splendid  phenomena  are  observed,  de- 
pendent upon  the  production  of  colours,  which  vary  with  the  cir- 
cumstances of  the  experiment.  The  simplest  method  of  rendering 
these  colours  visible  consists  in  adjusting  two  reflectors,  so  that 
the  image  polarized  by  reflection  fram  the  first  may  be  extinguished 
in  the  second.  The  first  is  called  the  polarizing,  the  second  the 
analysing  plate.  By  introducing  a  thin  plate  of  any  doubly  re- 
fracting substance,  such  as  mica,  quartz,  or  selenite,  cut  in  a 
direction  parallel  to  that  of  the  optic  axis,  the  image  suddenly 
reappears  in  the  analysing  plate,  but  it  is  tinged  of  a  particular 
colour.  If  while  the  ray  falls  perpendicularly  on  the  interposed 
plate,  the  plate  be  turned  round  in  its  own  plane,  two  positions 
will  occur  in  which  the  image  completely  disappears ;  these  posi- 
tions are  at  right  angles  to  each  other.  In  one,  the  principal 
section  of  the  plate  coincides  with  the  plane  of  polarization,  and  in 
the  other  it  is  perpendicular  to  it.  The  colour  does  not  change 
during  this  rotation,  but  only  varies  in  intensity.  But  if  the 
crystal  remain  fixed^  and  the  analysing  plate  be  made  to  rotatej 
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the  colotir  will  pass  through  every  grade  of  the  same  tint,  into  the 
complementary  colour,  and  at  eaeh  sueceeding  quadrant  the  hue  is 
exactly  complementary  to  that  vhich  was  exiiibited  in  the  pre- 
ceding one.  This  remarkable  phenomenon  is  most  distinctly  seen 
by  substituting  a  rhombohedron  of  calcareous  spar  for  the  analysing 
plate,  so  as  to  obtain  two  images  of  the  polarized  beam;  on  turn- 
ing the  spar  round,  the  two  images  will  be  seen  tinged  of  com- 
plementary hues  in  all  parts  of  the  revolution ;  and  if  the  two 
images  be  allowed  to  overlap  a  httle,  the  overlapping  portions  will 
in  all  positions  be  white.  By  varying  the  thickness  of  the  inter- 
posed erystalline  laminae,  the  tints  will  vary  accordmg  to  the 
thickness,  and  the  succession  of  tints  will  follow  the  same  order 
as  in  Newton's  rings,  so  that  when  the  laminse  exceed  a  certain 
thickness  the  light  is  white.  The  production  of  these  colours  is 
not  confined  to  crystallized  minerals,  but  they  arc  obtainable  in  a 
less  degree  with  substances  of  animal  origin,  such  as  quill,  horn, 
or  membrane. 

{125)  Coloured  Ringi. — If  the  plate  interposed  between  the 
polarizing  and  analysing  surfaces  he  cut  from  a  uniaxal  crystal  in 
a  direction  perpendicular  to  that  of  the  optic  axis,  the  transmitted 
ray  will  still  be  coloured,  but  the  phenomenon  is  different,  and 
still  more  beautiful.  A  scries  of  coloured  rings  will  be  observed, 
intersected  by  a  cross,  which,  in  one  position  of  the  analysing 
plate  will  be  white  (fig,  102,  i) ;  on  causing  the  analyser  to  rotate 
through  an  arc  of  90°,  the  white  cross  will  be  succeeded  by  a 
black  one  (fig.  102,  3),  and  the  rings  of  colours  will  exhibit  tints 

Fio.  103. 


complementary  to  those  before  observed ;  at  the  next  quadrant  the 
colours  of  the  first  reappear,  whilst  at  the  succeeding  quadrant 
they  are  again  com^ementary.  Rotation  of  the  crystal  on  its 
own  axis  produces  no  change  in  the  tints  or  in  the  position  of  the 
cnn. 
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The  general  expla- 
QatioQ  of  these  facts  is 
not  difficult  T — 

If  H  p  {fig.  103)  be 
a  section  of  the  inter- 
posed plate,  I  the  direr- 
ging  polarized  beam,  T  T 
the  toxirmaline,  u  v  w  a 
section  of  the  screen  on 
which  the  image  is  received,  it  is  obvious  that  the  rays,  i  v, 
which  traverse  the  plate  p  p,  parallel  to  the  optic  axis,  will 
suffer  no  change ;  but  all  the  lateral  rays,  i  u,  i  w,  which  fali 
upon  p  p  more  or  less  obliquely,  according  to  their  dbtance  iixim 
the  line  i  v,  will  be  doubly  refracted  in  opposite  planes ;  one  of  each 
these  doubly  refracted  rays  will  thus  be  retarded  upon  the  other, 
aud  as  soon  as  the  two  rays  are  brought  into  the  same  plane  by 
the  action  of  the  analysing  tourmaline,  they  interfere,  and  give 
rise  to  the  briUiant  colours  which  are  observed.  The  formation  of 
the  cross  is  occasioned  by  the  absence  of  any  change  in  the  plane 
of  polarization  of  those  rays  which  traverse  the  principal  section  of 
the  crystal  which  either  coincides  with  the  plane  of  polarization,  or 
w  perpendicular  to  it ;  these  rays,  consequently,  do  not  interfere 
when  analysed  by  the  tourmaline.  The  arms  of  the  cross  are 
alternately  white  or  black,  according  as  the  axis  of  the  tourma- 
line is  parallel  to  the  original  plane  of  polarization,  or  is  at  right 
angles  to  it. 

With  biaial  crystals,  such  as  aragouite,  carbonate  of  lead, 
nitre,  and  borax,  the  phenomena  are  even  more  beautifvd,  a  double 
system  of  rings  being  formed,  in  which  the  curves  are  of  a  different 
order,  owing  to  the  more  complicated  phenomena  resulting  from 
the  mutual  action  of  the  optic  axes;  the  surface  of  the  section 
being  oblique  to  both  these  axes :  tlie  greater  the  angle  formed 
with  each  other  by  the  ftxes,  the  farther  will  the  rings  be  asunder. 

Fia.  104. 


Tlic  two  axes  are  inclined  to  each  other  in  nitre  at  anangle  of  5"  20' ; 
in  aragonite  at  an  angle  of  18°  18';  in  borax  at  an  angle  of  59°;  and 
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iu  topaz  the  angle  is  between  49°  and  50° :  the  position  of  the  inter- 
secting cross  varies  when  the  crystalline  plate  is  made  to  rotate ;  and 
the  colours  become  complementary  when  the  analyser  is  turned 
round.  The  general  outline  of  these  figures  is  represented  fig.  T04. 
A  peculiarly  interesting  connexion  has  been  established  be- 
tween these  phenomena  and  the  state  of  molecrdar  tension  in  the 
aolid^  by  the  discovery  that  these  appearances  may  at  will  be  pro- 
duced in  uncry stall ized  media,  such  as  glass,  or  in  regular  crys- 
tals, whenever  homogeneity  is  interfered  with  in  regular  progression. 
This  fact  is  rendered  evident  by  the  application  of  pressure,  late- 
rally, to  a  strip  of  glass  which  previously  exerted  no  doubly  refrac- 
tive influence.  The  parts  compressed  acquire  a  negative  double 
refraction;  and  they  are  separated,  by  a  neutral  line  where  the 
particles  of  the  solid  retain  their  normal  condition,  from  those  on 
tlie  opposite  edge,  which  have  become  dilated,  and  show  positive 
double  refraction.  This  want  of  homogeneity  exists  permanently 
in  glass  which  has  been  imperfectly  annealed ;  and,  according  to 
the  form  given  to  it  by  grinding,  it  is  possible  to  alter  the  tension 
of  the  particles  in  different  directions,  and  produce  the  phenomena 

TT,^   ,^^  of  uniaxal  or  of  biaxal 

f  10.  105. 

crystals :  thus  a  square 
or  a  circular  plate  be- 
longs to  the  uniaxal 
system  (as  shown  in  fig. 
105),  while  an  elliptic 
plate  occasions  rings  re- 
ferable to  the  biaxal 
form. 

(126)  Coloured  Circular  Polarization. — There  are,  however, 
cases  in  which  the  plane  of  polarization  of  the  ray  is  continually 
changing  during  its  entire  progress  through  the  medium  employed 
to  produce  the  coloration;  in  some  substances  the  plane  of 
polarization  revolves  fix)m  left  to  right  (like  the  hands  of  a  clock) ; 
in  others  from  right  to  left.  Rock  crystal  was  the  substance  in 
which  this  efiect  was  first  observed.  If  a  polarized  ray  be  trans- 
mitted through  a  plate  of  rock  crystal  cut  in  a  direction  perpen- 
dicular to  that  of  the  axis  of  the  prism,  the  plane  of  polarization 
undergoes  rotation  in  a  degree  proportioned  to  the  thickness  of  the 
plate.  The  amount  of  this  rotation  difiers  for  each  colour,  and 
increases  according  to  the  increase  of  the  refrangibility  of  the  ray. 
If  the  incident  light  be  white,  the  emerging  light,  when  examined 
by  an  analysing  plate,  is  therefore  seen  to  be  coloured.  The 
central  portion  only  of  the  pencil  of  light  (which  traverses  the  plate 
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rertically,  parallel  to  its  optic  axis)  exhibits  these  phenomena;  at 
oblique  incidences,  the  usual  law  of  interference  prevails,  and 
coloured  rings  are  formed.  Certain  crystals  of  quartz  produce  left- 
handed,  certain  other  crystals  of  it,  right-handed  polarization.  In 
right-handed  quartz  the  central  colours  ascend  in  the  scale,  when 
the  analyser  is  turned  in  the  direction  of  the  hands  of  a  watch, 
the  succession  being  red,  orange,  yellow,  green,  &c.,  and  the  rings 
appear  to  expand  with  the  revolution  of  the  analyser.  When  homo- 
geneous light  is  employed,  each  colour  disappears  at  a  particular 
angle  of  the  analyser.  In  crystals  of  quartz  of  a  different  hemi- 
hedral  form,  or  in  which  the  secondary  planes  of  the  crystal  are 
arranged  differently  from  those  of  the  left-handed  variety,  the 
same  phenomena  occur,  but  in  the  opposite  direction.  Chlorate 
of  sodium,  which  crystallizes  in  forms  belonging  to  the  regular 
system,  yields  hemihedral  crystals,  and  exhibits  a  power  of  rotation 
over  the  polarized  ray,  analogous  to  that  of  quartz ;  the  rotation 
being  right-handed  or  left-handed,  according  as  the  crystal  is  hemi- 
hedral to  the  right  or  to  the  left. 

There  are  also  some  liquids  which  produce  circular  polarization 
of  a  similar  kind.  Solution  of  sugar-candy,  for  example,  gives  a 
right-handed  rotation;  oil  of  lemons  does  so  likewise.  Certain 
varieties  of  oil  of  turpentine  produce  a  left-handed  rotation.  In  all 
these  cases  the  degree  of  the  rotation  effected  by  liquids  is  much  less 
than  that  produced  by  quartz ;  and,  consequently,  the  light  must 
traverse  a  much  greater  depth  of  the  liquid  to  exhibit  the  effect. 
Oil  of  turpentine  has  a  power  not  exceeding  yV  of  that  of  quartz. 
Dilution  with  an  inactive  liquid  does  not  destroy  or  even  weaken 
the  power,  provided  that  the  depth  of  the  column  be  increased  in 
proportion  to  the  extent  of  the  dilution.  A  mixture  of  two  sub- 
stances acting  oppositely  produces  a  residt  exactly  equal  to  the 
difference  between  the  two. 

Biot,  who  discovered  the  phenomenon  of  circular  polarization, 
has  applied  it  to  chemical  purposes.  It  may  be  used,  for  example, 
to  ascertain  the  purity  of  syrups ;  crystallizable  cane-sugar  causes 
a  right-handed  rotation,  while  the  molasses,  or  uncrystallizable 
syrup,  produces  a  rotation  of  the  ray  to  the  left.  The  observation 
is,  however,  too  delicate  to  admit  of  practical  application  to  the 
purposes  of  the  refiner.  In  order  to  measure  the  extent  of  the 
rotation,  the  solution  for  trial  is  placed  in  a  long  glass  tube  shown 
at  0  0  (fig.  io6),  closed  at  the  two  ends  by  flat  plates  of  glass.  This 
tube  is  placed  within  a  metallic  tube,  r  s,  for  the  purpose  of  excluding 
stray  light.  A  beam  of  homogeneous  light,  obtained  by  transmis- 
sion through  red  glass,  is  polarized  by  reflection  from  the  mirror 


204. 


COLOURED    CIRCULAR   POLARIZATION. 


a  b,      A  Nicol's  prism,*  or  other  polarizing  eye-piece,  n,  is  so 
mounted  as  to  admit  of  rotation  around  the  line  di]  this  eye- 

FiG.  io6. 
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piece  is  provided  with  a  vernier,  w,  which  traverses  a  circle,  p  g, 
divided  to  degrees,  for  the  purpose  of  measuring  the  angular  rota- 
tion of  the  eye-piece.  The  eye-piece  is  then  so  adjusted,  that 
when  the  polarized  beam  becomes  no  longer  visible,  the  vernier 
stands  at  o°.  Now,  if  the  tube,  o  o,  full  of  solution,  be  placed  on 
the  supports,  a,  b,  so  that  it  shall  be  traversed  by  the  reflected  ray, 
i  d,  light  becomes  visible  to  the  observer  at  n,  but  on  causing  the 
eye-piece  to  rotate  to  the  right  or  to  the  left  (according  to  the 
nature  of  the  solution),  the  image  again  disappears ;  the  amount 
of  the  movement  to  the  right  or  to  the  left  expresses  the  amount 
of  rotatory  power  exerted  by  the  liquid  under  the  circumstances. 

An  experienced  observer  usually  substitutes  the  white  light  of 
day  for  that  of  the  red  glass.  In  this  case  the  rotatory  power  is 
measured  from  a  particidar  violet  tint,  the  teinte  de  passage  of  French 
writers,  which,  from  the  suddenness  with  which  by  a  slight  rotation 


*  The  Nicors  prism  afifords  a  convenient  means  of  obtaining;  a  polarized 
beam,  depending  upon  the  principle  of  total  reflection  (102).  It  is  prepared  in 
the  following  manner :  A  lon^  rnomboidal  prism  of  Iceland  spar,  the  base  of 
which  is  equal  to  one-third  of  its  len^h,  is  ai?ided  in  half  by  a  plane  perpen- 
dicular to  the  plane  of  the  longer  diagonal  of  the  base ;  the  line  of  section 
passing  through  the  opposite  obtuse  solid  angles  of  the  prism,  so  as  to  divide 
It  obliquely  into  two  equal  portions ;  the  two  halves  of  the  prism  are  then 
re-united  by  means  of  Cfanada  balsam.  When  light  is  transmitted  through 
the  prism  parallel  to  its  length,  the  incident  light  falls  very  obliquelv  upon 
the  layer  of  Canada  balsam ;  and,  as  the  balsam  has  a  smaller  refractive 
index  than  the  ordinary  ray,  this  ray  experiences  total  reflection,  whilst  the 
extraordinary  ray  alone  is  transmitted,  because,  the  refractive  index  of  the 
balsam  being  greater  than  that  of  the  extraordinary  ray,  total  reflection  does 
not  occur  in  its  case. 
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it  passes  into  red  on  the  one  side,  or  into  blue  on  the  other,  is  the 
most  favourable  for  accurate  observation.  The  tube,  with  its  liquid 
contents,  is  interposed  between  the  polarizing  mirror  and  the  eye- 
piece, previously  adjusted  to  zero,  and  the  rotation  is  estimated  by 
the  angular  motion  necessary  to  produce  the  violet  tint.* 

It  is  remarkable  that  the  vapours  of  oil  of  turpentine  and  of 
some  other  liquids  which  exhibit  the  power  of  circular  polarization, 
display  the  phenomenon  when  seen  through  very  long  tubes,  though 
more  feebly  than  the  liquids  themselves. 

(127)  Magnetic  Polarization, — Faraday  has  discovered  a  new 
modification  of  coloured  circular  polarization,  which  homogeneous 
transparent  solids  and  liquids  exert  upon  light  with  various  degrees 
of  intensity,  when  subjected  to  magnetic  power  of  very  exalted 
degree.  Some  of  these  singular  results  will  be  more  particularly 
described  at  a  future  point  (322). 

The  study  of  the  chemical  effects  of  light  will  be  postponed 
until  after  the  chemical  properties  of  the  elementary  bodies  have 
been  described. 


CHAPTER  V. 

HEAT. 

§  I.  Expansion, — Measurement  of  Temperature. — §  II.  Means  of 
maintaining  Equilibrium  of  Temperature, — §  III.  Specific 
Heat,  Latent  Heat, — §  IV.  Heat  of  Combination, 

(128)  General  Effects  of  Heat, — Upon  the  due  understanding 
of  the  principles  and  applications  of  heat,  much  of  the  successfiil 
prosecution  of  chemical  research  depends.  There  is  scarcely  a  che- 
mical operation  in  which  heat  is  not  either  emitted,  absorbed,  or 
purposely  applied  to  produce  the  required  result.  Heat  in  one  mode 
of  its  manifestation  presents  the  closest  analogy  with  light,  which 
it  very  generally  accompanies.  In  this  condition  it  is  known  as 
radiant  heat ;  and  it  is  in  this  form  that  the  main  supply  of  heat 
is  transmitted  from  the  sun  to  the  surface  of  the  earth. 

It  is,  however,  after  heat  has  fallen  upon  the  surface  of  an 
object  and  has  become  absorbed,  that  its  most  important  effects 
are  manifested.  It  is  only  then  that  the  sensation  of  warmth  is 
experienced;  then  it  is  that  expansion  takes  place  in  the  heated 


*  Full  details  of  the  most  approved  method  of  conducting  the  operation 
are  given  by  Cierget,  Ann,  de  Chtmie,  III.  zxvi.  175. 
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body ;  and  it  is  then  only  that  the  phenomena  of  liquefaction  or  of 
evaporation  may  ensue.  Heat  may  also,  after  its  absorption,  be 
again  transmitted  from  the  heated  body,  by  secondary  radiation,  to 
other  objects  around^  or  it  can  be  propagated  more  slowly  by  con- 
duction from  particle  to  particle  through  the  mass. 

Other  most  important  effects  of  heat  are  seen  in  the  change 
of  state  in  bodies  from  the  solid  to  the  liquid  and  from  the  liquid 
to  the  gaseous  condition.  Whenever  a  solid  becomes  liquid,  or  a 
liquid  becomes  converted  into  vapour,  the  change  is  attended  with 
the  disappearance  of  a  quantity  of  heat,  which  is  perfectly  defi- 
nite; for  instance,  a  pound  of  ice  in  undergoing  liquefaction 
always  requires  a  uniform  quantity  of  heat  to  produce  this  effect ; 
the  water  obtained  appears  to  be  no  warmer  than  the  ice ;  but 
the  heat,  though  it  for  a  time  ceases  to  affect  the  senses,  is  not 
lost,  for  it  reappears  when  the  water  passes  back  into  the  state  of 
ice.  The  heat  which  disappears  in  liquefaction  is  said  to  have 
become  latent ;  and  it  again  becomes  sensible  as  the  solid  condi- 
tion is  resumed.  Finally,  it  is  found  that  the  amount  of  heat 
produced  by  the  chemical  actions  of  definite  amounts  of  matter 
upon  each  other  is  definite,  whether  the  chemical  action  occur 
rapidly  or  slowly. 

In  considering  the  relations  of  heat,  the  subject  may  therefore 
naturally  be  subdivided  into  four  sections : — 

The  first  of  these  embraces  the  phenomena  of  expansion,  and 
their  application  to  the  measurement  of  temperature,  including  the 
principle  of  the  thermometer  and  the  pyrometer :  the  second  refers 
to  the  modes  in  which  the  equilibrium  of  temperature  is  sustained 
or  restored — viz.,  by  conduction,  by  convection,  and  by  radiation  : 
the  third  relates  to  heat  of  fluidity  and  vaporization,  including  the 
processes  of  congelation  and  liquefaction,  and  those  of  ebullition 
and  evaporation,  as  well  as  the  phenomena  of  specific  heat :  whilst 
the  fourth  embraces  heat  of  combination,  or  the  quantitative  esti- 
mation of  the  heat  evolved  by  chemical  action.  ^ 

Before  passing  to  the  immediate  consideration  of  these  subjects, 
it  will  be  advantageous  to  review  briefly  the  principal  means  at 
our  command  for  procuring  a  supply  of  heat  by  artificial  means. 

(129)  Sources  of  Heat, — i.  The  sun  obviously  affords  the 
main  supply  of  warmth  to  the  globe.  It  may  furnish  some  aid 
towards  a  conception  of  the  enormous  amount  of  heat  continually 
emanating  from  the  sun,  when  we  state  that,  calculating  from  the 
mean  distance  of  the  earth  from  the  sun,  and  from  the  area  which 
the  earth  exposes  to  the  solar  rays,  the  quantity  of  heat  which  reaches 
the  earth  is  not  at  any  given  moment  more  than  the  two  thousand 
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three  hundred  and  eighty  millionth  part  of  that  emanating  from 
the  sun. 

2.  There  are,  however,  many  other  sources  whence  heat  may 
be  procured.  Friction  is  one  of  them.  It  is  remarkable  that  the 
supply  of  heat  from  this  source  is  apparently  unlimited.  Some 
savage  nations  employ  the  friction  of  two  pieces  of  dry  wood  as  a 
means  of  obtaining  fire ;  and  it  is  known  among  ourselves  that  the 
axles  of  wheels  and  other  parts  of  machinery  exposed  to  rapid 
motion  combined  with  pressure,  are  liable  to  become  so  much  heated 
as  to  char  or  ignite  the  woodwork  in  their  immediate  vicinity. 

In  order  to  obtain  some  idea  of  the  amount  of  heat  produced 
by  friction,  the  following  experiments  were  instituted  by  Rumford 
(Phil.  Trans. J  1798,  p.  80): — ^A  brass  cannon,  weighing  113  lb., 
was  made  to  revolve  horizontally  with  a  pressure  of  about  10,000  lb. 
against  a  blunt  steel  borer,  at  the  rate  of  32  revolutions  per  minute ; 
in  half  an  hour  the  temperature  of  the  metal  had  risen  from  60^ 
to  130°;  this  heat  woidd  have  been  sufficient  to  have  raised  5  lb. 
of  water  from  32°  to  212°.  The  experiment  was  subsequently 
varied  by  placing  the  cannon  in  a  vessel  of  water,  and  friction  was 
again  applied 3  in  this  case,  i8l  lb.  of  water  at  60^  were  actually 
made  to  boil  in  two  hours  and  a  half.  The  heat  thus  obtained 
was  calculated  by  Rumford  to  be  somewhat  greater  than  that 
given  out  during  the  same  period  by  the  burning  of  nine  wax 
candles  each  f  inch  in  diameter. 

One  of  the  most  remarkable  proofs  of  the  extrication  of  heat 
by  friction  was  aflforded  in  an  experiment  by  Davy,  in  which  two 
pieces  of  ice,  made  to  rub  against  each  other  in  vacuo,  at  a  tem- 
perature below  32°,  were  melted  by  the  heat  developed  at  the  sur- 
faces of  contact. 

The  experiments  of  Joule  [Phil.  Trans.,  1850,  p.  61)  appear 
to  show  that  the  actual  quantity  of  heat  developed  by  friction  is 
dependent  simply  upon  the  amount  of  force  expended,  without 
regard  to  the  nature  of  the  substances  rubbed  together.  He  found, 
as  a  mean  of  forty  closely  concordant  experiments,  that  when  water 
was  agitated  by  means  of  a  horizontal  brass  paddle-wheel,  made  to 
revolve  by  the  descent  of  a  known  weight,  the  temperature  of  i  lb. 
of  water  was  raised  1°  F.  by  the  expenditure  of  an  amount  of  force 
sufficient  to  raise  772  lb.  to  the  height  of  one  foot.  When  cast- 
iron  was  rubbed  against  iron,  the- force  required  to  raise  i  lb.  of 
water  1°  F.  was  found,  as  a  mean  of  twenty  experiments,  to  be 
about  775  lb.,  and  by  the  agitation  of  mercury  by  means  of  an 
iron  paddle-wheel  it  was  found  to  be  774  lb. 

The  conclusion  drawn  from  these  experiments  waa — that  the 
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quantity  of  heat  capable  of  raising  the  temperature  of  i  lb.  of 
water  (between  55"  and  60°)  by  J°  F.  requires  for  its  evolutiou  the 
expenditure  of  a  mechanical  force  adequate  to  lift  772  lb.  i  foot.* 
3.  Percussion,  which  is  a  combination  of  friction  and  compres- 
sion, is  a  method  of  eliciting  beat  which  is  frequently  practised,  as 


*  This  maj  be  eipresged  in  terms  of  the  Frencli  metrical 
Bfitfm  as  follows  : — A  unit  qf  heal,  or  the  heat  capable  of 
raiaini;  i  eramme  of  water  1°  C,  u  equiralent  to  a  force 
which  woud  lift  433'55  grammeg  through  a  height  of  i  metre. 
The  apparatuH  employed  ia  the  determioation  of  the 
amount  of  heat  given  out  during  the  friction  of  water  con- 
sisted of  ft  brass  pftddle-nheel  furnished  nith  eight  sets  of 
THnes,  reTolving  between  four  aets  of  stationanr  vauea.  Fig. 
107,  No.  I  shows  a  rertical  aectioo  of  the  paddfe,  and  No.  a  a 
transverse  section  of  the  vessel  and  paddle.  Thia  paddle  was 
fitted  securely  into  a  copper  veasel,  c,  fig,  108,  provided  with 
a  lid  in  which  were  two  apertures,  one  allowing  the  passage 
of  the  axis  without  actual  contact  with  it,  the  other,  t,  for 
the  insertion  of  a  thermometer  graduated  to  hundredthe  of  a 
degree  F.  A  weighed  qaantit;  of  water  was  introduced  into 
the  vessel,  or  calorimeter,  c,  and  its  temperature  sscertained 
with  minute  precision.  The  amount  of  heat  produced  wa« 
ascertained  bj  again  observing  the  temperature  of  the  water 
in  c,  with  the  same  precision,  at  the  close  of  each  experiment. 
Id  order  to  prevent  loss  of  heat  by  conduction,  the  vessel  waa 
supported  upon  a  wooden  stool,  and  connected  by  a  piece  of 
boxwood,  i,  with  the  apparatus  for  producing  rotation.  Motion 
was  given  to  the  axis  oy  the  descent  of  two  leaden  weights, 
oneofwhichisshownatw,  fig.  108.  These  weights  were  suepended  by  airings 
over  two  wooden  pulleys,  one  of  which  is  shown  at  p,  resting  on  friction 

Fio.  108. 


rollers,//,  and  the  pulleys  were  connected  by  fine  twine  with  the  roller  r, 
which,  by  means  of  a  pin,  could  be  readily  connected  with,  or  detached  from. 
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is  seen  in  the  use  of  the  common  steel  and  flint,  where  the  com- 
pression extricates  heat  enough  to  set  fire  to  the  detached  portions 
of  steel.  In  firing  iron  shot  against  an  iron  target,  as  in  the 
artillery  trials  at  Shoeburyness,  a  sheet  of  flame  is  commonly  seen 
at  the  moment  of  the  collision,  owing  to  the  arrest  of  motion  in 
the  projectile,  and  its  manifestation  in  the  form  of  heat.  Mr. 
Whitworth  has  indeed  employed  iron  shells  which  are  exploded 
simply  by  the  heat  developed  by  the  concussion  on  striking  the 
surface  of  the  iron  target.  It  is  a  practice  not  uncommon  among 
blacksmiths,  to  show  their  agility  and  dexterity  by  hammering  a 
piece  of  cold  iron  on  the  anvil  until  it  becomes  red-hot  firom  the 
heat  extricated  by  compression.  It  is,  however,  remarkable  that 
iron  once  treated  in  this  way  cannot  again  be  made  red-hot  by 
hammering  unless  it  has  been  subsequently  heated  in  the  forge. 
Many  other  similar  instances  might  be  adduced ;  in  the  rolling  of 
brass  and  of  copper,  for  example,  the  bars,  as  they  issue  from  the 
rollers,  between  which  they  have  been  subjected  to  enormous 
pressure,  become  much  heated,  although  they  were  quite  cold  when 
they  entered  the  rolling  mill. 

4.  Another  source  usually  resorted  to  for  procuring  heat  arti- 
ficially is  chemical  action.  Whenever  this  occurs  with  high  in- 
tensity, heat  is  evolved,  and  it  is  very  generally  accompanied  by 
extrication  of  light,  of  which  a  common  fire  afibrds  the  best  prac- 
tical illustration.  The  chemical  actions  which  are  constantly  going 
on  in  living  animals  are  also  never-ceasing  sources  of  a  regulated 
emission  of  heat,  and  they  difier  only  from  those  of  the  frimace  in 
the  more  moderate  and  subdued  amount  of  heat  emitted  in  a  given 
time  and  in  a  given  space.  The  quantity  of  heat  emitted  by  the 
combination  of  definite  weights  of  the  bodies  which  unite  is  per- 
fectly definite  in  amount.  (199  ei  seq.) 

5.  Accumulated  electricity  is  another  source  of  intense  heat. 

6.  In  addition  to  the  above-mentioned  sources  of  heat,  Pouillet 
{Ann.  de  Chimie,  II.  xx.  141)  has  shown  that  the  simple  act  of 
moistening  any  dry  substance  is  attended  with  slight  yet  constant 


the  calorimeter,  c.  The  descent  of  the  weights  was  measured  on  the 
scale,  s. 

A  similar,  bnt  smaller  apparatus,  made  of  iron  instead  of  brass,  with  six 
rotatory  and  eip;ht  stationary  vanes,  was  used  for  measuring  the  heat  pro- 
duced by  the  friction  of  mercury.  The  apparatus  for  measuring  the  neat 
produced  by  the  friction  of  solids,  consisted  of  a  vertical  axis  carrying  a  be- 
velled cast-iron  wheel,  against  which  a  stationary  bevelled  wheel  was  pressed 
by  a  lever :  the  wheels  were  enclosed  in  a  oast-iron  vessel  filled  with  mercury. 

The  rise  of  temperature  in  each  experiment  amounted  in  the  case  of  water 
to  about  0*563  F.  In  the  case  of  mercury,  the  mean  rise  during  each  experjU 
ment  in  one  series  was  a^*4i)  and  in  case  of  cast-iron  it  was  4^*3. 
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disengagement  of  teat.  TVith  bodies  of  mineral  origin,  when  re- 
duced to  a  fine  powder  with  a  view  of  increasing  the  extent  of 
surface,  the  rise  of  temperature  does  not  exceed  from  half  a  degree 
to  2^  F. ;  but  with  some  vegetable  and  animal  substances,  such  as 
cotton,  thread,  hair,  wool,  ivory,  and  weU-dried  paper,  a  rise  of 
temperature  varying  from  2°  to  even  io°  or  1 1®  F.  has  been  observed. 

7.  Besides  these  sources  of  heat  there  can  be  no  doubt  of  the 
existence  of  a  nucleus  of  intensely  heated  matter  within  the  body 
of  the  earth  itself,  although  it  has  no  sensible  effect  upon  the 
superficial  temperature  of  the  globe.  If  a  thermometer  be  buried 
30  or  40  feet  beneath  the  surface,  it  is  found  to  undergo  no  change 
with  the  alternations  of  the  seasons,  but  on  proceeding  to  greater 
depths  the  thermometer  is  found  to  rise  progressively,  though  not 
quite  uniformly  at  all  places.  If  it  be  assumed  that  on  the  average 
this  increase  of  temperature  is  1°  F.  for  every  50  feet  of  descent,* 
and  if  this  rate  of  progression  be  continued  uniformly  as  the  depth 
increases,  it  would  be  at  the  rate  of  100^  per  mile;  so  that  at  a 
depth  of  a  mile  and  a  half  the  temperature  would  be  as  high  as 
that  of  boiling  water,  and  at  the  depth  of  40  miles,  a  temperature 
of  4000°  F.  would  be  attained,  considerably  beyond  the  melting 
point  of  cast  iron  or  even  of  platinum.  The  existence  of  this 
central  heat,  which  rises  to  a  degree  sufficiently  high  to  fiiae  the 
rocky  constituents  of  the  earth^s  crust,  is  abundantly  manifested 
in  the  torrents  of  melted  lava  which  are  from  time  to  time  poured 
forth  in  volcanic  eruptions ;  and  the  occurrence  of  rocks  at  great 
depths,  which  bear  evident  marks  of  igneous  action,  attests  the 
high  temperature  of  the  interior  of  the  earth.  This  central  heat 
is  prevented  from  reaching  the  surface  by  the  low  conducting 
power  of  the  envelope  composing  the  strata  upon  the  surface. 

(130)  Nature  of  Heat — Mechanical  Theory  of  Heat. — ^Two 
principal  views  of  the  nature  of  heat  have  been  entertained  since 
experimental  science  has  been  actively  cultivated.  One  of  these 
views,  which  is  supported  chiefly  by  the  phenomena  of  latent  heat 
and  chemical  combination,  regards  heat  as  an  extremely  subtle 
material  agent,  the  particles  of  which  are  endowed  with  high  self- 
repulsion,  are  attracted  by  matter,  but  are  not  influenced  by 
gravity.  On  the  other  theory  heat  is  supposed  to  be  the  result 
of  molecular  motions  or  vibrations. 


*  Cordier  considers  i^  in  45  feet  not  too  high  an  estimate.  The  increase 
of  temperature  in  six  of  the  deepest  mines  of  Northumberland  and  Durham  is 
i^  F.  for  44  feet;  in  the  Saxon  argentiferous  lead  mines,  it  was  found  to  be 
i  in  60  feet,  and  the  same  increase  of  temperature  was  observed  in  boring  the 
well  of  Grenelle  at  Paris. — {I^ell,  Frinc.  OeoL  7th  ed.  p.  514.) 
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The  latter  view  was  powerfully  advocated  by  Count  Rumford, 
and  by  Davy,  who,  in  the  early  part  of  the  present  century,  insti- 
tuted an  important  series  of  experiments  upon  the  production  of 
heat  by  friction.  Many  philosophers  were  subsequently  induced 
to  adopt  the  theory  of  the  vibratory  nature  of  heat  as  maintained 
by  these  eminent  men.  The  opinions  of  Davy  upon  this  sub)eot 
are  thus  stated  by  him  in  his  treatise  on  Chemical  Philosophy y  p.  95. 
"  It  seems  possible  to  account  for  all  the  phenomena  of  heat  if  it 
be  supposed  that  in  solids  the  particles  are  in  a  constant  state  of 
vibratory  motion,  the  particles  of  the  hottest  bodies  moving  with 
the  greatest  velocity,  and  through  the  greatest  space ;  that  in  fluids 
and  elastic  fluids,  besides  the  vibratory  motion,  which  must  be  con- 
ceived greatest  in  the  last,  the  particles  have  a  motion  round  their 
own  axes,  with  difierent  velocities,  the  particles  of  elastic  fluids 
moving  with  the  greatest  quickness ;  and  that  in  ethereal  substances 
the  particles  move  round  their  own  axes,  and  separate  from,  each 
other,  penetrating  in  right  lines  through  space.  Temperature  may 
be  conceived  to  depend  upon  the  velocities  of  the  vibrations ;  in- 
crease of  capacity,  on  the  motion  being  performed  in  greater  space, 
and  the  diminution  of  temperature  during  the  conversion  of  solids 
into  fluids  or  gases,  may  be  explained  on  the  idea  of  the  loss  of 
vibratory  motion,  in  consequence  of  the  revolution  of  particles 
round  their  axes,  at  the  moment  when  the  body  becomes  fluid  or 
aeriform,  or  firom  the  loss  of  rapidity  of  vibration  in  consequence 
of  the  motion  of  the  particles  through  greater  space." 

The  experiments  of  Joule  on  the  definite  amount  of  heat  de* 
veloped  by  friction  {PhiL  TVans.  1850)  have  recalled  the  attention 
of  philosophers  to  these  views ;  and  the  mathematical  theory  of 
heat  propounded  by  Camot,  in  accordance  with  them,  has  undergone 
recent  revision,  particularly  byClausius,  Rankinc,  and  W.  Thomson, 
in  consequence  of  which  the  hypothesis  involved  in  the  term  the 
mechanical  theory  of  heat  has  been  favourably  received.  Upon 
this  view,  although  the  ideas  of  Davy  quoted  above  have  been 
adopted  with  extensions  and  modifications  by  some  writers,  it  is 
not  necessary  to  assume  the  particidar  kind  of  motion  in  the  in- 
terior of  bodies  which  may  be  conceived  to  be  the  cause  of  the 
peculiar  phenomena  of  heat,  but  only  to  suppose  that  a  motion  of 
the  particles  exists,  and  that  the  heat  is  a  measure  of  the  vis  viva 
of  this  motion.  The  important  principle  of  the  theory  is  this : — 
In  all  cases  where  mechanical  effect  is  produced  by  heat^  a  qusmiity 
of  heat  is  used  up,  proportional  to  the  mechanical  effect  produced  : 
and,  conversely,  the  same  quantity  of  heat  can  be  again  generated 
by  the  expenditure  of  Just  so  much  mechanical  effect. 

If  2 
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There  can  be  no  doubt  that  this  theory  will  bear  important 
fruit,  from  the  new  lines  of  research  which  it  suggests;  but  at 
present  its  postulates  rest  on  grounds  by  no  means  obvious,  and  it 
is  too  speculative  to  render  its  fiirther  prosecution  at  this  point 
advisable.  Tyndall,  in  his  recent  work  on  Heat  considered  as  a 
Mode  of  Motion,  has  applied  the  mechanical  theory  of  heat  to  the 
explanation  of  its  various  phenomena  with  great  ingenuity  and 
clearness.  The  chemical  considerations  which  are  indeed  the 
most  diflBcult  to  reconcile  with  this  theory  are,  however,  only 
incidentally  touched  upon  by  him. 

§  I.  Expansion — measurement  of  temperature. 

(131)  Difference  between  Heat  and  Temperature, — The  eflFect 
of  a  hot  or  of  a  cold  substance  upon  our  sensations  enables  us  to 
distinguish  the  one  from  the  other;  but  the  impression  thus  produced 
is  only  comparative,  and  affords  no  exact  criterion  of  the  amount 
of  heat,  the  sensation  produced  being  referable  to  the  temperature 
of  that  part  of  the  body  to  which  the  substance  is  applied  at  the 
particular  moment.  Heat  and  cold  are,  in  fact,  merely  relative 
terms ;  cold  implying  not  a  negative  quality  antagonistic  to  heat, 
but  simply  the  absence  of  heat  in  a  greater  or  less  degree.  It  is 
singular  that  intense  cold  produces  the  same  sensation  as  intense 
heat,  and  a  freezing  mixture,  as  well  as  boiling  water,  will  blister 
the  part  to  which  it  is  applied. 

Heat  produces  no  alteration  in  the  weights  of  bodies ;  conse- 
quently the  balance  cannot  be  employed  as  a  measure  of  its  amount. 
All  bodies,  however,  when  heated,  acquire  an  increase  in  bulk,  and 
return  to  their  original  dimensions  in  cooling,  and  the  measure  of 
the  amount  of  expansion  is  universally  employed  as  the  measure 
of  temperature. 

It  is  necessary  to  draw  a  distinction  between  the  terms  heat 
and  temperature,  which  are  applied  to  indicate  very  different  things. 
By  the  term  heat  is  meant,  in  philosophical  language,  the  power, 
whatever  it  be,  which  excites  in  us  the  sensation  of  warmth  :  by 
temperature  is  meant  the  energy  with  which  the  heat  in  a  body 
tends  to  transfer  itself  to  other  bodies.  In  other  words,  the  tem- 
perature pf  a  body  is  that  modification  of  heat  which  is  perceptible 
to  the  senses  or  can  be  measured  by  the  thermometer.  If  two  or 
more  masses  of  matter,  of  the  same  or  of  different  kinds,  such  as 
mercury,  oil,  water,  or  spirit  of  wine,  when  brought  into  contact 
with  a  thermometer,  cause  the  mercury  which  this  instrument 
contains  to  stand  at  the  same  point,  they  are  said  to  have  the 
same  temperature.     Sut  the  temperature  of  a  body  affords  no  in* 


EXPANSION    OF   SOLIDS.  213 

cUcation  of  the  actual  quantity  of  heat  which  it  contains.  A  pint 
of  spring  water  may  rai^  a  thermometer  to  the  same  degree  as  a 
gallon  of  the  same  water,  though  it  is  obvious  that  the  larger 
quantity  of  the  liquid  contains  the  greater  amount  of  heat.  Again, 
suppose  a  thermometer  to  stand  in  water  at  50°  in  one  instance, 
and  at  100°  in  another,  in  equal  quantities  of  the  liquid;  it  would 
be  a  mistake  to  suppose  that  in  the  latter  case  the  water  is  twice 
as  hot  as  in  the  former.  The  zero  of  the  thermometer  scale  is 
entirely  arbitrary,  and  does  not  indicate  the  complete  absence  of 
heat,  which  may  be  abstracted  continuously  from  bodies  even 
though  they  may  have  been  already  cooled  to  0°. 

(132)  Exparmon  of  Solids, — Solids,  as  might  be  expected  from 
the  exertion  of  cohesion  among  their  particles,  expand  less  for  equal 
elevations  of  temperature  than  either  liquids  or  gases.  Solids 
generally  expand  uniformly  in  all  directions,  and  on  cooling  return 
to  their  original  shape.  Lead,  however,  is  so  soft  that  its  particles 
slide  over  each  other  in  the  act  of  expansion,  and  do  not  return  to 
their  original  position.  A  leaden  pipe,  if  used  for  conveying  steam^ 
permanently  lengthens  some  inches  in  a  short  time,  and  the  leaden 
flooring  of  a  sink  which  often  receives  hot  water  becomes,  in  the 
course  of  use,  thrown  up  into  ridges  and  puckers. 

Mitscberlich  {Poggendorff^s  Ann,  x.  137)  has  discovered  that  all 
those  crystals  which  possess  a  doubly  rcfi*acting  action  upon  light, 
expand  imequally  in  different  directions  when  heated.  The  shape 
of  a  crystal  of  calcareous  spar,  for  instance,  is  slightly  altered  when 
heated :  the  obtuse  angles  become  more  acute,  and  the  inclination 
of  the  faces  of  the  crystal  to  each  other  becomes  lessened  84'  by 
an  elevation  of  temperature  ttom  312°  to  212°  F.  The  crystal 
elongates  most  in  the  direction  of  the  optic  axis,  and  indeed  it 
actually  contracts  at  the  same  time  in  directions  at  right  angles 
to  this.  Such  crystals,  however,  form  no  exception  to  the  general 
rule  that  the  bulk  of  bodies  is  increased  by  heat.  It  has  been 
ascertained,  for  instance,  that  a  crystal  of  calc-spar  increases  in 
btdk  between  32°  and  21 2®,  to  the  extent  of  i  part  in  510. 

Different  solids  expand  very  unequally  for  equal  additions  of 
heat :  zinc,  for  example,  dilates  much  more  than  iron,  and  iron 
more  than  glass.  The  total  expansion  of  a  body  may  be  obtained 
very  nearly  by  multiplying  the  linear  expansion  (or  expansion  in 
length)  by  3.  The  following  table  gives  some  measurements  of 
the  expansion  both  in  length  and  in  bulk  which  is  experienced  by 
various  solid  bodies : — 
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Expansion  of  Solids. 


1*000,000  Farts  at  32^  F. 


Engliih  Flint  Glaus 
Gmm  tube  (French) 
Flatinum  •  . 
FaUadium  .  . 
Untempered  Steel 
Antimony  .  . 
Iron .... 
Bismnth  .  . 
Oold  •  .  . 
Copper  .  .  . 
Brasfl  .  .  . 
surer  .  .  . 
Tin  (East  India) 
Lead  .  .  . 
Zinc .    .    •    . 


At  81  J*  F. 
become. 


J*000,8ll 
I '000,861 

I '000,834 
1*001,000 
1*001,079 
1*001,083 
1*001,182 
1*001.393 

i'ooi,466 
1001,718 
i'oox,866 
1*001,909 
I  001  037 
1*002,848 
1*002,943 


In  Length. 


in  1348 
in  1 148 
in  1 131 
in  1000 
in    926 


in 

923 
846 

in 

in 

718 

in 

682 

in 

582 

in 

536 

in 

524 

in 

5i6 

m 

351 

in 

340 

In  Balk. 

I  in 
I  in 

416 

382 

I  in 

377 

I  in 

333 

I  in 

309 

I  in 
I  in 

307 

383 

I  m 

339 

I  in  227 

I  in 

194 

I  in 

179 

I  in 

175 

I  in 

172 

I  in 

117 

I  in 

"3 

AnthoritjT. 


Lav.  &  Laplace 
)  Dulonfi; 
jand  Petit 
WoUaston 
Lav.  and  Lapl. 
Smeaton 
Dulon^  &  Petit 
Smeaton 
Lav.  and  Lapl. 
Dulong  &  Petit 

Lavoisier 

and 
Laplace 

Smeaton 


The  following  results,  which  were  obtained  by  Daniell,  with 
bars  heated  in  a  cylinder  of  baked  black-lead  ware,  and  measured 
by  his  pyrometer  scale  (140)  show  the  expansion  of  certain  solids 
at  high  temperatures.     {Phil.  Trans.  183 a,  p.  456.) 

Linear  Expansion  of  Solids. 


1,000,000  Parte,  at  63"  F. 


Black-lead  Ware ... 
Wedgwood  Ware .. 

Platinum      

Iron  (Wrought)  ... 

Iron  (Cast) 
Oold      ... 
Copper  ... 
Silver    ... 
Zinc 

Lead      ... 
Tin 


At  aIa^ 
rise  of  150°. 


1000244 
1000735 

1000735 

1000984 
1000893 

I 001 035 

IOOI43O 
IOOI626 
1002480 
1002323 
IOOI473 


At  66a<>, 
rise  of  600^. 


1000703 
1002995 

1002995 

1004483 

1003943 
IOO4238 
1006347 
1006886 
1008537 


At  Fneing  Point. 


1009926  maximum, 
but  not  fused. 

10 1 8378  tx>  the  fusing 
point  of  cast-iron. 
1016389 

1024376 
1020640 
1012621 
1009072 
1003798 


The  addition  of  heat  beyond  a  certain  point  overcomes  the 
cohesion  of  the  solid^  and  it  assumes  the  liquid  form.  The  quan- 
tity of  heat  required  to  eflFect  this  varies  greatly  with  the  nature 
of  the  substance^  some  solids  melting  at  a  much  lower  tempera- 
ture than  others. 

(133)  Expansion  of  Liquids. — Liquids  expand  proportionately 
much  more  rapidly  than  solids.  They  differ,  also,  in  expansibility 
to  a  much  greater  extent ;  generally  the  most  volatile  are  most 
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expansible.  This  is  remarkably  shown  in  the  case  of  the  liquids 
obtained  by  the  condensation  of  the  gases  (196)  which  are  even 
more  rapidly  dilated  by  heat  than  aeriform  bodies. 

Expansion  of  Liquids. 


At  ii^  F. 

At  aia°  F. 

ExpMuiou. 

Aathoritj. 

1,000,000  parts  of  Mercury  become 

Water          „ 

oa 

„               Alcohol        „ 

i»oi8.i53 
1,046,600 
1,080,000 
1,111,000 

I  in  55 
I  in  21*3  ) 

I  in  12-5  > 

I  in    9     ) 

Begnanlt 
Dal  ton 

It  has,  however,  been  found  that  in  many  liquids  of  analogous 
chemical  composition  the  expansion  is  very  nearly  uniform,  if  the 
comparison  be   made,  not  at  the  same  temperature,  but  at  cor- 
responding  temperatures,  that  is  to  say,  at  equal  distances  from  the 
boiling  point,  the  point  at  which  cohesion  is  just  about  to  yield  to 
the  repulsive  action  of  heat.     The  same  thing  has  also  been  ob- 
served between  some  liquids  which  present  no   analogies  in  their 
nature.     This  subject  has  been  investigated  with  great  care  by 
Pierre  (Ann,  de  C/dmie,  III.  xv.  325;  xix.  193;  xx.  5 ;  xxi.  336; 
xxxi.  118),  and  by  Kopp,  (Pogg,  Annal.  Ixxii.  i  and  223;  Liebig's 
Anncd.  xciii.  157  ;  xciv.  257  ;    and  xcv.  307).     In  most  instances 
there  is  a  very  satisfactory  agreement  between  the  results  obtained 
by  these  observers  upon  the  same  liquid.     Some  of  their  results 
are  embodied  in  the  following  table.     The  bulk  of  each  liquid  at 
its  boiling  point  is  taken  as   10,000.     The  numbers  in  the  table 
indicate  the  volume  of  the  liquid,  first  at  72°  F.  below  the  boiling 
point  of  each  liquid,  and  again  at  a  still  lower  temperature,  126® 
below  that  point ;  the   most  expansible  liquids  being  placed  first 
in  the  table. 
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loooo  Parts  of  the  following  Liquids 
At  Boiling  Point. 

Formula. 

Volume  at 

7a^F. 

below  boiling. 

Volume  at 

ia60  F. 

below  boiling. 

Ob. 

•enrer. 

xjttner •*.     «.« 

Chloride  of  Silicon 

Chloride  of  Ethyl   

[  Acetate  of  Ethyl     

Formiate  of  E thyl 

'  Acetate  of  Methyl 

Butyrate  of  Methyl 

C  Butyrate  of  Ethyl 

t  Valerate  of  Methyl 

(  Bromide  of  Methyl 

(  Bromide  of  Ethyl...      ««. 

SiCL 
C,H,C1 

C.H.CHO, 
CH,C,H,0, 

C7fl,C,H,0, 

CH.Br 
C;H.Br 

9384 
9390 
9419 

9424 
9430 
9431 
9438 

9446 

9445 

9438 
945a 

9027 

9053 
9064 

9065 
9075 

9065 
9084 

9091 

p. 

99 
If 

f» 
t» 
ff 
ff 

«f 

Kp 

P 
Kp. 
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Expansion  of  Liquids  at  Corresponding  Temperatures — continued. 


xoooo  Parts  of  the  following  Liquids 
at  Boiling  Point. 


I  Perchloride  of  Tin 

( Terchloride  of  Phoflphonu 

Owixoi ,      ,,,      ,,, 

{Butyric  Acid 
Acetic  Acid  
Formic  Acid 

J  Iodide  of  Meilivl   

( Iodide  of  Ethyl      

Dutch  Liquid    

Monochlorinsted  Hydro- > 
chloric  Ether j 

Monoohlorinated  Dutch 

Liquid 

DichToriDated     Hydro- 
,    chloric  Ether 

Wood  Spirit    

^oohol     

FouselOil       

Bisulphide  of  Carbon 

Sulphurous  Ether    

Bromine     

Chloride  of  Titanium 

Terchloride  of  Arsenic     . . . 

Bromide  of  Ethylene 

Terbromide  of  Phosphorus 

Bromide  of  Silicon   

**®*»««     •••     •••     •••     ••• 


Ponnnla. 


SnCL 
PCI, 

HC4H.O, 

HCjH.O, 

HCHO, 

CH.I 
C,H,I 

CjH^Cl, 

C,H4CI,C1 

c;h,ci.ci, 

CjHjClyCl 

CH40 

C,H.O 
C.H„0 

TiCL 
AsCL 

H,0 


Yolnme  at 

7a' F. 

below  boiling. 


9475 
9484 

9486 

9497 
9630 

9560 

9494 
95  M 

9499 
9481 

9518 

945^ 

9488 
9536 
9503 

9521 

9536 

9547 

9553 
9560 

9563 

9631 

9637 

9747 


Yolnme  at 
ia6«  P. 

Ob- 

below  boiling. 

serrer. 

9130 

P. 

9157 

» 

9M5 

Kp. 

9164 

S9 

9207 

»t 

9264 

t9 

91^3 

P. 

9187 

>» 

9171 

tt 

9131 

9$ 

9190 

t9 

9094 

»» 

9"5 

»> 

9193 

*> 

9301 

>» 

9215 

» 

9247 

>» 

9247 

99 

9256 

» 

9264 

99 

9353 

>» 

9340 

»» 

9627 

»> 

The  expansion  of  the  different  liquids  used  in  these  experi- 
ments was  determined  by  inclosing  in  tubes  similar  to  those  em- 
ployed for  thermometers^  known  bulks  of  the  liquid  at  a  particular 
temperature^  and  measuring  the  expansion  experienced  in  each  case^ 
making  the  necessary  correction  for  the  dilatation  of  the  glass  en- 
velope. In  fact,  a  number  of  thermometers  were  prepared,  in  each 
of  which  one  of  the  various  liquids  under  experiment  was  substi- 
tuted as  the  expansible  material  in  place  of  mercury. 

In  comparing  corresponding  compounds  obtained  from  wood- 
spirit  and  from  alcohol  (two  homologous  organic  liquids),  a  re- 
markable parallelism  in  their  rates  of  expansion  has  been  observed. 
The  acetates  of  ethyl  and  methyl  correspond  closely  with  each 
other,  and  with  the  butyrates  of  the  same  substances.  The  bro- 
mides of  ethyl  fmd  methyl  also  correspond.  So  do  the  iodides  of 
ethyl  and  methyl.  Wood-spirit  and  alcohol  do  not  differ  greatly 
.from  each  other^  or. from  an  allied  compound  produced  during  fer- 
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mentation^  whicli  has  received  the  name  of  fousel  oil :  but  the 
rates  of  expansion  of  the  homologous  butTric^  acetic^  and  formic 
acids  diflTer  rather  more  widely,  Formiate  of  ethyl  is  metameric 
with  acetate  of  methyl  (that  is  to  say^  it  is  composed^  in  loo  parts^ 
of  the  same  chemical  elements,  in  precisely  the  same  proportions), 
and  both  expand  also  in  exactly  the  same  ratio ;  but  this  uniformity 
of  expansion  in  metameric  bodies  is  not  always  observable ;  con- 
siderable differences  are  found  to  exist,  for  example,  between  the 
rates  of  expansion  of  the  metamerides  Dutch  liquid  and  mono- 
chlorinated  hydrochloric  ether,  and  between  monochlorinated 
Dutch  liquid  and  dichlorinated  hydrochloric  ether. 

Two  elements,  however,  such  as  chlorine  and  bromine,  which 
are  most  closely  allied  in  chemical  properties,  and  which  form 
compounds  which  have  the  same  crystalline  form,  may  yet  com- 
bine with  the  same  element,  and  produce  liquids  which  have 
totally  different  rates  of  expansion.  For  instance,  Dutch  liquid 
and  bromide  of  ethylene  differ  considerably,  and  no  correspondence 
exists  between  the  expansion  of  bromide  of  silicon  and  of  chloride 
of  silicon. 

(134)  Expansion  of  Gases. — When  the  temperature  rises  be- 
yond a  certain  point  in  liquids,  they  change  their  state,  cohesion 
is  entirely  overcome,  repulsion  predominates,  and  the  aeriform 
condition  supervenes.  Expansion  for  equal  increments  of  heat  is 
in  gases  far  greater  than  in  solids  or  in  liquids.  If  the  open 
extremity  of  a  tube,  on  the  other  end  of  which  a  bulb  is  blown, 
be  plunged  into  water,  the  heat  of  the  hand  will  be  sufficient  to 
dilate  the  air  in  the  bulb  so  as  to  cause  a  part  of  the  enclosed  air 
to.  escape.  In  gases,  as  cohesion  is  entirely  overcome,  no  such 
variety  in  expansion  is  exhibited  as  in  the  case  of  liquids  and  of 
solids ;  it  may,  without  sensible  error,  be  assumed  that  in  gases, 
and  also  in  vapours  at  considerable  distances  above  their  points  of 
condensation,  the  expansion  is  alike  in  all,  under  like  variations 
of  temperature  and  pressure.  From  the  freezing  to  the  boiling 
point  of  water,  they  increase  in  bulk  more  than  one- third,  looo 
parts  at  32°  becoming  1367  at  21a®.* 

(135)  Thermometers. — Whether  the  body  be  in  the  solid,  the 
liquid,  or  the  gaseous  condition,  the  expansion  is  always  propor- 


*  Begnault  {Ann,  de  Chimie,  III.  iv.  5  and  v.  52)  and  Ma^os  {Ih.  III. 
iv.  330)  nave  published  independent  and  elaborate  investigations  on  the  ex- 
pansion which  various  gases  undergo  by  the  application  of  heat.  Accordinff 
to  their  experiments,  the  coefficient  of  expansion  is  not  rigidly  uniform  for  all 

Sdses ;  the  expansion  being  greatest  for  those  which  are  most  readily  con* 
enaible,  whilst  for  the  gases  whidi  have  resisted  all  efforts  to  liquefy  them^ 
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tionate  to  the  heat  employed ;  and  the  same  body^  with  the  same 
initial  temperature,  always  expands  to  the  same  extent  by  the 
addition  of  the  same  amount  of  heat :  for  example^  a  substance 
at  the  temperature  of  50°  will,  however  often  it  be  heated  to  100®, 
always  expand  to  the  same  bulk ;  and  on  cooling  to  its  original 
temperature  of  50^,  it  will  always  return  to  its  original  bulk. 

By  ascertaining  exactly  the  extent  of  this  expansion,  a  ready 
and  available  measure  of  temperature  is  afforded ;  and  accordingly 
an  instrument  termed  a  thermometer  (fix)m  Otpfioq  hot,  fxirpov  a 
measure)  has  been  constructed  for  this  purpose. 

Air,  fh)m  the  delicacy  of  its  indications,  and  the  regularity  of 
its  expansion,  would  seem  to  be  the  material  best  fitted  to  mea- 
sure changes  of  temperature,  and  indeed  it  was  the 
109.  substance  first  tried.  The  air  thermometer  consisted 
simply  of  a  bulb  of  glass,  with  a  narrow  elongated 
stem  dipping  into  some  liquid  (fig.  109) :  as  the  bulb 
became  heated  the  air  expanded,  and  depressed  the 
liquid  in  the  stem ;  as  it  cooled  the  air  contracted, 
and  the  liquid  rose ;  a  scale  attached  to  the  stem  gave 
the  amoimt  of  the  expansion  or  contraction.  But 
the  size  of  the  instrument  and  the  extreme  deli- 
cacy of  its  indications  limited  the  range  through  which 
it  could  be  employed,  and  impaired  its  utility.  It 
was  also  soon  observed  that  differences  of  atmospheric 
pressure,  entirely  independent  of  temperature,  caused 
an  alteration  in  the  bulk  of  the  air :  this  may  be  seen 


•eareely  any  appreciable  differeDoes  are  ob»eiTed.    The  following  table  con- 
tains a  summary  of  the  results  of  these  experiments : — 

JSkcpansion  qf  Oases  by  Heat, 


Ataia°P. 

1000  Parts  at  ja**  F.  beooma.                1 

Begnault. 

Magnus. 

Hydroji^en 

»     •*«     •*. 

1366-13 

i3<55'659 

Carbonic  Oxide 

t     ..*     •  •  • 

136688 

Atmospheric  Air 

>     • . •     ... 

1367*06 

1366508 

Nitrogen    

...     • • . 

1366-82 

Hydrochloric  Acid   ... 

•• .     • . . 

1368-12 

Carbonic  Acid 

>     •. .     ... 

1370-99 

1369087 

Nitrous  Oxide 

1     »••     •*• 

I37195 

Cyanogen   

•     »• •     ... 

138767 

Sulphurous  Anhydrid< 

)    

1390-28 

1385-618 

For  ordinary  purposes,  sufficient  accuracy  is,  however,  attained  by  assumine 
the  expansion  of  gases  and  vapours  by  heat,  between  32^  and  212°,  at  ^  of 
the  volume  at  32^;  this  is  ecjuai  to  about  -^^-^  for  each  degree  of  Fahrenheit, 
or  j\j  for  each  d^^ree  Centigrade. 
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Fig.  1 10. 


bjr  introducing  sucli  an  instrument  under  the  receiver  of  an  air- 
pump,  and  moving  the  handle  ;  the  slightest  motion  causes  great 
alteration  in  the  height  of  the  column  of 
liquid  in  the  thermometer.  This  difficulty 
was  obviated  by  a  modification  of  the  instru- 
ment in  which  atmospheric  pressure  was 
altogether  excluded :  two  bulbs  were  blown 
at  the  extremities  of  a  stout  tube,  which 
was  bent  twice  at  right  angles,  and  a  liquid 
was  included  in  the  stem  (fig.  no).  The 
instrument  in  this  form,  however,  would  not 
indicate  general  changes  of  temperature,  but 
only  dififerences  between  the  temperature  of 
the  two  bulbs ;  if  one  were  warmer  than  the 
other,  the  air  expanded  in  that  bulb  and 
drove  the  liquid  in  the  stem  towards  the 
other  bulb ;  it  was  hence  termed  the  differ • 
ential  thermometer  or  thermoscope,  and  formed,  in  a  limited 
number  of  cases,  an  instrument  of  great  sensitiveness  and 
utility. 

(136)  The  next  great  improvement  in  the  thermometer  was 
made  Ly  the  Florentine  academicians  :  they  substituted  the  expan- 
sion of  a  liquid  for  that  of  air,  employing  spirit  of  wine  for  this 
purpose,  and  they  divided  the  stem  of  the  instrument,  arbitrarily 
as  before,  by  means  of  small  dots  of  enamel,  placed  at  equal  dis- 
tances upon  the  tube.  As  the  scales  of  diflTerent  instruments  were 
not  divided  upon  any  uniform  principle,  the  results  which  they 
furnished  did  not  admit  of  direct  comparison.  This  evil  was, 
however,  remedied  by  Newton,  who  applied  Hooke's  observation, 
that  the  melting  point  of  ice  always  occurred  at  a  fixed  tempera- 
ture ;  and  finding  that  the  boiling  point  of  water  under  certain 
standard  circumstances  was  equally  uniform,  he  proposed  these  as 
fixed  points,  between  which  the  scale  should  be  divided  into  a 
certain  number  of  equal  parts ;  the  scale  being  continued  above 
and  below,  with  similar  divisions,  as  far  as  might  be  necessary. 
Unfortunately,  this  interval  has  in  different  countries  been  differ- 
ently subdivided.  In  England,  Fahrenheit's  division  into  180°  is 
principally  employed ;  the  zero,  or  0°,  upon  this  scale  being  32  of 
these  degrees  below  the  freezing  point  of  water.  In  France,  and 
generally  on  the  Continent,  the  Centigrade  division  prevails ;  the 
interval  between  the  freezing  and  the  boiling  points  being  sub- 
divided into  loo^,  the  degrees  being  counted  upwards  and  down- 
warda  from  the  freezing  pointy  which  is  reckoned  o®;  the  lower 
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FiQ.  III.      temperatures  being  indicated  by  the  pre&t  of  the 
negative  algebraic  sign  — , 

R&umur,  whose  division  Is  still  used  in  Ger- 
many and  Russia,  divided  the  same  interval  into  80°, 
making  his  zero  at  the  freezing  point  of  water. 

The  conversion  of  degrees  upon  one  scale  into 
those  of  another  is  easily  effected  by  the  use  of  the 
following  formulse : — 

Fahrenheit  to  Centigrade,   i  (F^— 32)=C''. 
Centigrade  to  Fahrenheit,   -f    C°  +  32  =F'. 
E&umur  to  Fahrenheit,      ^  B°  +  33  =F°. 
Fahrenheit  to  Reaumur,       ^{F°— 32)  =  R''. 
The  annexed    cut   (fig.  1 1 1)  exhibits  the  three 
scales  placed  side  by  side,  and  shows  the  correspon- 
ding values  through  a  considerable  range  of  tempe- 
j  rature.* 

The  employment  of  spirit  of  wine  as  the  expan- 
\  sible  liquid  for  measuring  temperature,  is  attended 
with  advantages  where  low  temperatures  are  con- 
cerned, inasmuch  as  spirit  of  wine  has  never  yet 
beea  solidified  by  cold.  But  owing  to  the  low  tem- 
perature at  which  the  spirit  boilB,  it  cannot  be  applied 
for  high  ranges  of  temperature ;  the  heat  of  boiling 
water  would  be  sufficient  to  burst  the  thermometer, 
in  consequence  of  the  generation  of  the  vapour  of 
alcohol  within  the  inBtrumcnt.  For  most  purposes 
mercury  is  a  more  convenient  thermometric  liquid ; 
it  embraces  a  considerable  range  of  temperature, 
freezing  at  39°  below  0°  P.  and  not  boiling  under 
662°  F.  It  has  also  the  advantage  of  not  adhering 
to  the  sides  of  the  tubes. 

{137)  Teats  of  a  goad  Thermometer. — A  good  mer- 
curial thermometer  should  answer  to  the  following 
tests  :  when  immersed  in  melting  ice,  the  column  of 
T"  \  mercury  should  indicate  exactly  32°  F. ;  when  sus- 
'-  pended  with  its  scale  immersed  in  the  steam  of  water 
boUing  in  a  metallic  vessel,  as  represented  in  fig.  112 
(the  barometer  standing  at  30  inches),  the  mercury  should  remain 
stationary  at  aia".  When  the  instrument  is  inverted,  the  mercury 
should  fill  the  tube,  and  &11  with  a  metallic  click,  thus  showing  the 


e  of  the  degrees  of  the  Centignde  BCftte,  with  their  compar 
iOt  of  FAhienbeit,  will  be  found  in  the  Appendix,  Part  III. 
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perfect  exclusion  of  air.     The  value  of 

the  degrees  tliroughout  the  tube  should 

be  uniform :  to  ascertain  this,  a  little 

cylinder  of  mercury  may  be  detached 

from  the  column  by  a  slight  jerk,  and 

on  inclining  the  tube  it  may  be  made  to 

pass  &om  one  portion  of  the  bore  to  au- 

other.      If  the   scale  be  properly  gra- 
duated, the  column  will  occupy  an  equal 

number  of  degrees  in  all  parts   of  the 

tube. 

The  expansion  of  which  a  thermo- 
meter thus  takes  cognizance  is  not  the 

entire  expansion  of  the  mercury,  but  the  ; 

difference  between  the  expansion  of  the  > 
mercury  and  of  the  glass ;  both  expand, 
but  the  mercury  expands  the  more  ra- 
pidly of  the  two,  and  the  column  of  metal  therefore  rises  in  the 

Btem  of  the  instrument. 

If  a  thermometer  be  graduated  immediately  after  it  has  been 
Bealed,  it  is  liable  to  undergo  a  slight  alteration  in  the  fixed  points 
of  the  scale,  owing  to  the  gradual  contraction  of  the  bulb,  whicb 
does  not  attain  its  permanent  dimensions  until  after  a  lapse  of 
several  months.  This  contraction  is  probably  due  to  the  pressure 
of  the  atmosphere.  From  this  circumstance,  the  &eeising  point 
may  become  elevated  &om  ^  to  4  &  degree ;  and  thus  the  gradua- 
tions throughout  the  scale  indicate  a  temperature  which  is  higher 
than  the  true  one  by  the  amount  of  the  error.  In  some  thermo* 
meters,  even  after  long  use,  the  bulb,  aa  Despretz  and  Pierre 
have  shown,  after  exposure  to  a  heat  not  exceeding  that  of  boiling 
water,  does  not,  on  cooling,  contract  at  once  to  its  proper  dimen- 
sions ;  and  thus  a  temporary  displacement  of  the  graduation  is 
caused  every  time  such  instruments  are  heated  to  212°. 

( 1 38)  Different  forms  of  Thermometer. — The  variety  of  circum- 
stances under  which  thermometers  are  used,  necessarily  demands 
a  considerable  variety  iu  their  form.  It  is  desirable,  for  delicate 
experiments,  to  reduce  the  mass  of  the  instrument,  in  order  to 
diminish  the  amount  of  heat  required  to  raise  its  temperature  to 
that  of  the  bodies  with  which  it  is  brought  into  contact;  bat 
where  minute  subdivisions  of  a  degree  require  notice,  it  is  better 
to  employ  a  thermometer  with  a  large  bulb  and  a  fine  bore.  A 
nsefUl  form  of  the  instrument  is  the  self-registering  maximvm 
and  minimum  thermometer.     The  common  maximum  thermometer 


222.  MAXIMUM   AND   MINIMUM   THERMOMETERS. 

coDsists  of  a  mercurial  thermometer^  with  a  horizontal  Btem^  in 
the  bore  of  which  a  small  piece  of  steel  wire  is  included  above  the 
mercury.  As  the  mercury  expands  it  pushes  the  steel  before  it, 
and  when  the  mercury  contracts,  and  recedes  towards  the  bulb, 
the  wire  does  not  follow  it.  The  minimum  temperature  is  ob- 
served by  a  spirit  thermometer,  arranged  like  the  mercurial  one, 
but  the  index  consists  of  a  small  piece  of  enamel,  sunk  below  the 
surface  of  the  liquid  column.  As  the  spirit  descends,  it  carries 
the  index  with  it  by  capillary  adhesion,  as  soon  as  the  upper  ex- 
tremity of  the  index  reaches  the  surface  of  the  liquid ;  but  the 
liquid,  on  expanding,  readily  passes  by  the  enamel,  and  leaves  it  at 
the  lowest  point  to  which  the  column  had  retreated.  Side's  ther- 
mometer is  constructed  upon  a  somewhat  similar  principle,  but  it 
is  less  portable,  and  more  liable  to  derangement.  A  simpler  form 
of  maximum  thermometer  has  been  constructed  by  Negretti  and 
Zambra ;  it  is  merely  an  ordinary  thermometer,  placed  horizontally, 
with  a  contraction  in  the  tube,  just  above  the  bulb,  so  that  it 
allows  the  mercury  to  pass  when  it  expands,  but  owing  to  the 
narrowing,  the  metal  does  not  recede  when  the  temperature  falls. 
It  therefore  indicates  the  highest  temperature  attained  since  the 
last  observation.  The  true  place  of  the  mercurial  column  is 
restored  by  placing  the  instrument  vertically,  and  giving  it  a  slight 
swinging  motion. 

( 139)  Increaseof  theRatioof  Dilatation  with  Rise  of  Temperature. 
— ^A  scale  divided  upon  the  principles  already  described  evidently 
depends  for  accuracy  on  the  supposition  that  equal  increments  of 
heat  produce  an  equal  amount  of  expansion.  With  due  precautions, 
a  pound  of  water,  at  32°,  mixed  with  a  pound  of  water  at  212^, 
should  yield  a  mixture  in  which  the  thermometer  should  stand  at 
122^,  the  exact  mean.  Yet  it  is  not  true  that  even  in  the  same 
substance  equal  increments  of  heat  2X,d\ff^erent  temperatures  pro* 
duce  an  equal  amount  of  expansion :— ^for  example,  the  expansion 
of  mercury  for  the  10°  between  30°  and  40°,  is  less  than  its 
expansion  for  the  10®  between  200*^  and  210*^.  In  the  mercurial 
thermometer,  for  temperatures  between  freezing  and  boiling  water, 
it  may  nevertheless  be  assumed,  without  sensible  error,  that  equal 
increments  of  heat  raise  the  thermometer  through  an  equal  number 
of  degrees.  The  increase  in  the  capacity  of  the  glass  bulb,  espe- 
cially if  the  thermometer  be  made  of  crown  glass,  almost  exactly 
compensates  for  the  increasing  rate  of  the  expansion  of  mercury ; 
though  for  temperatures  above  212^  the  compensation  is  not  so 
exact.  The  general  result  is,  that  for  all  bodies,  in  proportion 
as  the^m||mktare  rises^  the  expansion  increases;  the  distance 
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between  the  particles  augments  with  the  heat^  and  consequently 
their  mutual  cohesion  is  more  readily  overcome.  The  total  expan* 
sion  of  mercury,  for  example,  for  three  progressive  intervals  of 
180*^  F.,  according  to  Regnault,  is  the  following  :  between  32®  and 
212°  it  is  I  part  in  55*08  ;  between  212°  and  392°  it  is  i  in  54*61  j 
and  between  392°  and  572°  i  in  54*01.  Platinum  is  more  equable 
in  its  expansion  than  any  other  of  the  metals,  though  it  also  ex- 
hibits a  similar  increase  in  the  rate  of  its  expansion  as  the  heat 
rises. 

The  following  table  embodies  some  experimental  results  ob- 
tained upon  this  point  by  Dulong  and  Petit : — 

* 

Increase  of  Mean  Dilatation  in  Bulk  by  Heat, 


Mean  Expansion  for  each  Degree  F. 

Material  employed. 

Between 
32°  and  aia°. 

Between 

32°  and  392°. 

Between 

32"  and  572°. 

Between 

32'  and  66a°. 

Glass     

Platinum      

Iron       

Copper  

Mercury       

Do.  (Regnault)    ... 
Mercury  in  Glass . 

I  in  69660 
I  in  67860 
I  in  50760 
I  in  34920 
1  in    9990 
I  in  99157 
I  in  1 1664 

1  in  65340 

9i 
9$ 
99 

I  in   9665 
I  in    9776 
I  in  1 1480 

I  in  59220 
I  in  65^40 
I  in  40860 
I  in  31860 
I  in    9518 
I  in  9047-6 
I  in  1 1372 

I  in  95827 

The  temperature  of  572°  P.,  as  measured  by  an  air  thermo- 
meter, if  measured  by  the  expansion  of  mercury,  in  an  ordinary 
thermometer,  would  be  indicated  as  586°,  because  the  apparent 
dilatation  of  the  mercury  increases  as  the  temperature  rises.* 

(140)  Pyrometers, — Since  the  expansion  of  dissimilar  metals 
for  equal  additions  of  heat  is  unequal,  it  is  evident  that  if  a  com- 
pound bar,  consisting  of  two  such  metals  as  brass  and  steel,  be 
formed  by  riveting  equal  plates  of  each  metal  together,  the  appli- 
cation of  heat  would  occasion  curvature  of  the  bar ;  the  concavity 

*  If  the  specific  expansion  of  each  solid  and  liquid  were  equal  for  tihat 
substance  for  equal  increments  of  temperature,  the  volume  of  the  body  mi^ht 
be  calculated  for  anv  given  temperature  by  the  formula  V=i-f  a<f  in  which 
Y  is  the  required  volume,  i  the  volume  at  32^  F.,  t  the  required  temperature 
in  degrees  F.,  and  a  the  coefficient  of  expansion  ascertained  by  experiment. 
Thus  the  volume  of  mercury  for  any  temperature  between  32°  and  212®  F. 
may  be  approximatively  determined  by  the  formu]a,y= 1+0,00010085^;  but, 
generally  speaking,  it  becomes  necessary  to  take  other  terms  of  the  series 
into  the  account,  so  that  the  formula  becomes 

V  =  I  -h  a<  -h  6^  -h  (?^, 

a,  5,  and  <?,  being  coefficients  calculated  from  the  experimental  nnmben. 

In  the  case  of  permanent  gases,  the  simple  formula,  Vrsi-fa^  gives  the 
true  result  for  the  expansion,  the  coefficient  a  being  taken  =  0*002039  for 
each  I®  F.,  or  =  0*00365  for  each  x®  C. 
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being  upon  the  side  of  the  eteel,  the  metal  which  expands  least. 
On  this  principle,  a  very  delicate  solid  thermometer  has  been  con- 
stmcted  by  Breguet.  It  consists  of  a  compound  ribbon  of  three 
metals,  platinum,  gold,  and  silver,  which  are  rolled  out  into  a  very 
thin  lamina  and  coiled  into  a  cylindrical  spiral,  to  the  lower  es- 
tremi^  of  which  an  index  is  attached,  the  upper  end  of  the  spiral 
being  fixed.  The  silver  expands  much  more  than  the  platinum,  so 
that  the  coil  twists  and  untwists  as  the  temperature  rises  and  falls. 
The  value  of  the  degrees  is  ascertained  by  comparison  with  a 
standard  thermometer. 

For  the  estimation  of  high  degrees  of  temperature,  such  as  the 
heat  of  furnaces  and  the  fusing  points  of  many  metals,  instruments 
of  a  different  description,  usually  termed  pyrometers  {from  -nXip 
fire),  are  required.     The  most  manageable  of  these  is  DanieU's 

Fio.  113. 


register  pyrometer,  which  is  shown  in 
fig.  1 13.  It  consists  of  two  parts,  the 
register,  I,  and  the  scale,  2.  The  re- 
gister is  a  solid  bar  of  black-lead 
earthenware,  a,  highly  baked.  In 
the  axis  of  this  a  hole  is  di-illcd, 
reaching  from  one  end  of  the  bar  to 
within  half  an  inch  of  the  other  ex- 
tremity. In  this  cylindrical  ca\ity  a 
rod  of  platinum  or  of  iron,  a  a,  6^ 
inches  long,  is  placed.  Upon  tlie  top 
of  the  bar  rests  a  cylindrical  piece  of 
porcelain,  c  e,  sufficiently  long  to 
project  a  short  distance  beyond  the  extremity  of  the  black-lead 
bar,  to  serve  as  ah  index.  It  is  confined  in  its  position  by  a 
nng  or  strap  of  platinum,  d,  passing  round  the  top  of  the  black- 
lead  tube,   which   is  partly  cut  away  at  the  top;  the  ring  is 
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tiglitened  by  a  wedge  of  porcelain,  e.  When  exposed  to  a  high 
temperatnre,  the  expansion  of  the  metallic  rod,  a  a,  forces  the 
index  forward  to  a  distance  equal  to  the  difference  in  the  amount 
of  expansion  between  the  metallic  rod  and  the  black-lead  bar,  and 
when  cool,  it  will  remain  protruded  to  the  same  distance,  which 
will  be  greater  or  less  according  to  the  temperature;  the  exact 
measurement  of  this  distance  is  effected  by  the  '  scale,'  2.  This 
scale  is  independent  of  the  register,  and  consists  of  two  rules  of 
brass,  /  g,  joined  together  by  their  edges  accurately  at  a  right 
angle,  and  fitting  square  upon  the  two  sides  of  the  black-lead  bar. 
Near  one  end  of  this  double  rule  a  small  brass  plate,  h,  projects  at 
a  right  angle,  which,  when  the  instrument  is  used,  is  brought 
down  upon  the  shoidder  of  the  register,  formed  by  the  notch  cut 
away  for  the  platinum  strap.  To  the  extremity  of  the  rule  nearest 
this  brass  plate,  is  attached  a  moveable  arm,  d,  turning  at  its  fixed 
extremity  upon  a  centre,  i,  and  at  the  other  end  carrying  an  arc  of 
a  circle,  e,  the  radius  of  which  is  exactly  5  inches,  accurately 
divided  into  degrees  and  thirds  of  a  degree.  Upon  this  arm,  at 
the  centre,  *,  another  lighter  arm,  c,  is  made  to  turn,  carrying 
upon  the  extremity  of  its  longer  limb  a  nonius,  h,  which  moves  on 
the  face  of  the  arc,  and  subdivides  the  graduation  into  minutes. 
The  shorter  arm,  which  is  half  an  inch  in  length,  crosses  the 
centre,  and  terminates  in  an  obtuse  steel  point,  m,  turned  inwards 
at  a  right  angle. 

To  use  the  instrument,  the  metallic  rod  is  placed  in  the  re- 
gister, the  index  is  pressed  firmly  down  upon  its  extremity,  and 
secured  tightly  by  the  platinum  strap  and  the  wedge.  The  posi- 
tion of  the  index  is  then  read  off  on  the  scale,  by  placing  the  re- 
gister in  the  re-entering  angle  for  its  reception,  with  the  cross-piece 
firmly  held  against  the  shoulder,  and  the  steel  point,  w»,  resting  on 
the  top  of  the  index,  in  a  notch  cut  for  it,  which  coincides  with  the 
axis  of  the  rod.  A  similar  observation,  made  after  the  instrument 
has  been  heated  and  allowed  to  cool,  gives  the  value  of  the  ex- 
pansion. The  scale  of  the  pyrometer  is  compared  with  that  of  the 
mercurial  thermometer,  by  observing  the  amount  of  expansion 
between  two  fixed  points,  such  as  the  freezing  of  water  and  the 
boiling  of  mercury. 

(141)  A  combination  of  the  thermometer  with  the  pyrometer 
gives  a  range  of  temperature  extending  through  wide  limits.  The 
means  of  attaining  very  elevated  temperatures  are  much  more  under 
command  than  those  of  procuring  great  degrees  of  cold. 

The  following  table  gives,  in  degrees  both  of  Fahrenheit's  and 
of  the  Centigrade  scale,  some  remarkable  points  of  temperati;r§  :-— 

Q 
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GreateBt  artificial  cold  produced  by  a  bath  of^ 
Nitrons  Oxide  and  frisulphlde  of  Carbon  > 
in  yacuo  (batterer)     J 

Greatesl;  cold  by  a  bath  of  Carbonic  Acid  and 
Ether  in  vacuo  (Faraday) 

Greateet  natural  cold  recorded  by  rerified 
thermometer  (Sabine) 

Mercury  freezes      

Freezing  mixture  of  Snow  and  Salt 

xov  uiei wv  •«•     •••     ■••     •••     •••     «■• 

Maximum  Density  of  Water ^ 

Mean  Temperature  of  London  (Daniell) 

Blood  Heat 

Boiling  point  of  Water  ... 

Mercury  Boils 

Bed  heat  iust  yisible  in  the  dark  ... ^ 

Silver  mefta 

Cast-iron  melts 

Highest  heat  of  wind  furnace 


•••     •••     •••     •• 

•..     •*•     .•) 


..•     •••     ••«     »••     ••• 

•••     •••     ••« 


■DanielU 


•r»b. 

•Cen. 

— 220 

— 140 

—1 66 

— 110 

-56 

—  49 

39 

—  394 

—  4. 

—  20 

3» 

0 

39*3 

4*0 

497 

9'? 

98 

S6'6 

212 

100 

662 

350 

980 

526 

'^U 

I023 

3786 
3380 

1530 
1804 

(14a)  Force  exerted  by  Expanaian.- — ^The  amount  of  force 
exerted  by  e^^panaion  or  contraction  from  the  effects  of  heat  or  of 
cold  is  enormous ;  for  it  is  equal  to  that  which  would  be  required 
to  elongate  or  compress  the  material  to  the  same  extent  by  me- 
chanical means.  Aecording  to  the  experiments  of  Barlow^  a  bar 
of  malleable  iron^  of  a  square  inch  in  section^  is  stretched  -^  ^  ^  ^^  (^- 
of  its  length  by  a  ton  weight ;  a  similar  elongation  is  produced  by 
about  16^  F.  In  this  climate  a  variation  of  80°  between  the  cold 
of  winter  and  the  heat  of  summer  is  frequently  experienced.  la 
that  range^  a  wrought-iron  bar,  10  inches  long^  will  vary  in  length 
16^6  6  of  <^  ^^<^h  ;  and  will  exert  a  strain^  if  its  two  extremities  be 
securely  fastened^  equal  to  50  tons  upon  the  square  inch.  Calcu- 
lating upon  Joule^s  data^  it  may  be  estimated  that  the  force 
exerted  by  heat  in  producing  the  expansion  of  i  lb.  of  iron 
between  y^  a»d  zia^  during  which  it  would  increase  about  ^ 


lay 


of  its  bulki  would  be  adequate  to  lift  a  weight  of  7  tons  to  the 
height  of  I  foot — ^that  is  to  say,  that,  in  order  to  drive  asunder 
the  partidea  to  an  extent  sufScientto  cause  a  pound  of  iron  to  in- 
crease -rf^  of  its  bulk^  a  force  of  thia  enormoua  amount  would  be 
required. 

In  many  instances  in  the  arts  this  effect  is  turned  to  useful 
account.  With  this  view  the  wheelwright  makes  the  iron  tire  of 
his  wheels  a  little  smaller  than  the  wheel  itself,  and  applies  the  tire 
in  a  heated  state;  on  cooling,  it  contracts,  and  binds  the  parts 
firmly  together.  For  the  same  reason,  in  fastening  together  the 
plates  of  steam-boilers,  the  rivets  are  used  whilst  red-hot.    But,  on 

other  hand,  this  force  of  expansion  requires  often  to  be  care- 
guarded  against.     Iron  clamps  built  into  funoaces  frequently 
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destroy^  by  their  expansion  and  contraction^  the  masonry  which 
they  are  intended  to  support.  In  laying  down  pipes  far  the  con- 
veyance of  gas  and  water,  it  is  necessary  to  fit  the  lengths  into 
sockets  where  the  material  used  as  stuffing  to  tighten  the  joint 
allows  sufficient  play  for  the  alterations  in  length  of  the  metal  by^ 
changes  of  temperature.  For  the  same  reason,  a  small  interval  is 
left  between  l^e  ends  of  die  iron  bars  in  laying  down  a  line  of 
rails.  Each  tube  of  the  Britannia  Bridge,  across  the  Menai  Straits^ 
is  liable,  firom  changes  of  temperature,  in  the  course  of  twenty- 
fi^ur  hours,  to  an  elongation  and  contraction  varying  ttcm.  half  an 
inch  to  three  inches. 

Brittle  substances,  such  as  glass  and  cast-iron,  often  crack  on 
the  sudden  application  of  heat,  because  a  sudden  dilatation  is  pro- 
duced upon  the  sur&ce  before  the  heat  has  time  to  reach  the  in- 
terior, and  thus  the  cohesion  is  destroyed.  The  thicker  the  plate 
the  greater  is  its  liability  to  fracture.  Sudden  cooling,  by  inducing 
unequal  contraction,  has  a  similar  effect. 

A  knowledge  of  these  effects  of  expansion  explains  why  the 
wires  of  certain  metals,  such  as  iron  and  platinum,  may  be  soldered 
into  glass;  whilst  other  metals,  such  as  silver,  gold,  or  copper^ 
separate  and  crack  out  as  tiie  joint  coob.  The  expansion  of  iron 
or  of  platinum  differs  from  that  of  glass  by  only  a  very  small 
amount,  whereas  other  metals  vary  from  it  greatly,  and  contract 
&x  more  in  cooling. 

(143)  Anomalous'  Exparmon  of  Water, — A  remarkable  excep- 
tion to  the  law  of  contraction  by  the  removal  of  heat,  exists  in  the 
case  of  water.  Water  follows  the  regular  law  iintil  it  reaches  a 
point  between  39^  and  40^;  then,  instead  of  contracting,  it  begins 
to  expand,  and  continues  to  do  so  till  it  reaches  the  fireezing 
point.  About  39^  it  is  at  its  point  of  greatest  density,  and  just 
before  it  freezes  it  occupies  a  space  as  great  as  it  did  at  48°.  K 
water  at  39°'^  be  taken  as  i,.at  3^^  it  has  a  density  of  0*99988 
(Pierre). 

By  dissolving  table  salt  in  water,  the  point  of  maximum  density 
is  lowered,  and  the  solution  goes  on  contracting  regularly  at  tem* 
pcratures  considerably  below  39°,  until,  in  sea- water,  the  anomaly 
disappears,  the  maximimi  density  occurring  according  to  Despretz 
at  25°*38,  a  temperature  below  its  point  of  congelation,  which  the 
same  c^iserver  estimates  at  27^*4.  Various  other  salts  besides 
culinary  salt  (chloride  of  sodium)  have  the  effect,  when  dissolved 
in  water,  of  lowering  ita  point  of  maximum  density;  but,  amongst 
the  numerous  liquids  examined  by  Pierre,  no  other  liquid  besides 
water  was  found  thus  to  expand  whilst  the  temperature  waa&Uing. 

q2 
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(144)  Correction  of  Btdk  of  Gases  for  Temperature, — It  has 
been  already  mentioned  that  aeriform  bodies  expand  for  equal 
additions  of  temperature  more  than  either  solids  or  liquids^  and 
that  the  rate  of  expansion  for  all  gases  and  vapours  is  equal  and 
uniform^  at  all  degrees  of  heat  and  under  all  variations  of  pressure. 
It  becomes^  therefore,  a  matter  of  importance  to  estimate  the 
amount  of  this  expansion  in  all  experiments  where  ^he  quantities 
of  gases  require  to  be  determined,  and  where  their  weight  is  to 
be  inferred  from  measurement  of  their  bidk.  Provided  that  the 
temperature  of  the  gas  be  known,  the  calcidation  is  easily 
made.  Experiment  has  shown  that  for  every  degree  of  heat 
upon  Fahrenheit's  scale,  ah  amount  of  expansion  takes  place  equal 
to  -^Jt  of  the  bulk  that  the  gas  occupied  at  3^°  F. ;  that  is  to  say, 
that  a  quantity  of  any  gas  which,  at  the  temperature  of  32°, 
measures  491  parts,  for  every  additional  degree  increases  in  bulk 
%  part ;  so  that  at  33°  it  will  occupy  49a  parts,  at  34°  493,  at  40° 
499,  at  60^  519  parts.  In  England,  all  comparisons  of  gases  are 
referred  to  the  temperature  of  60°.  Suppose  it  be  required  to 
ascertain  the  volume  which  9*2  cubic  inches  of  coal  gas,  measured 
at  70°,  woidd  have  when  reduced  to  60°: — Since  70  —  32=38, 
491  parts  of  any  gas  at  32^  would,  at  70^,  have  increased  in 
bulk  38  parts,  or  would  have  become  equal  to  529  parts.  Again, 
60—32  =  28,  so  that  a  gas,  which  at  32°  occupied  491  parts, 
would,  at  60°,  occupy  a  space  equal  to  519  parts.  The  volume, 
therefore,  of  any  gas  at  70^  woidd  bear  the  same  proportion  to 
the  bidk  which  it  would  occupy  at  60°  as  529  does  to  519.  And 
hence 

529  :  519  :  :  9*2  :  ^  (=9'026  cubic  inches). 

If  the  gas,  instead  of  being  measured  at  70^,  had  been  measured 
at  50®,  and  it  were  desired  to  reduce  the  9*2  cubic  inches  to  the 
standard  temperature  of  6cP;  since  50 — 32=18,  the  gas,  which 
occupied  491  parts  at  32°,  woidd  have  expanded  to  509  at  50^. 
The  proportion  to  the  volume  at  60°,  which  woidd,  as  before,  be 
519,  is  given  as  follows : — 

509  :  519  :  :  9*2  :  X  (=9*380  cubic  inches). 

In  this  case,  the  observed  volume  is  less  than  the  corrected  one ; 
before,  it  was  greater.  An  additional  and  independent  correction 
of  the  volume  of  the  gas  for  the  deviation  of  the  barometric  pres- 
sure fix)m  the  standard  (41)  is  needed  after  the  correction  for  the 
temperature  has  been  made. 

(^jj^^uidB  and  gases  immediately  adjust,  their  bulk  to  the 
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alteration  of  temperature ;  but,  according  to  obseirations  made  in 
the  Arctic  Expeditions,  solids  do  not  immediately  do  so  in  all 
cases :  it  was  frequently  observed  in  the  metallic  scales  of  many 
of  the  instruments,  that  full  contraction  did  not  occur  until  a  con- 
cussion had  been  given  to  the  apparatus ;  the  metal  then  contracted 
suddenly  and  completely. 

(146)  Process  for  taking  the  Specific  Gravity  of  Gases. — The 
principal  corrections  required  in  the  delicate  operation  of  taking 
the  specific  gravity  of  a  gas  with  accuracy  have  now  been  pointed 
out.  Begnault,  in  his  elaborate  researches  {Ann.  de  Chimie,  III. 
xiv.  211),  has  reduced  the  number  of  corrections  ordinarily  re- 
quired, by  counterpoising  the  globe  in  which  the  gas  is  to  be 
weighed  by  a  second  globe  of  equal  size,  made  of  the  same  glass ; 
a  practice  which  had  previously  been  adopted  by  Prout,  in  his 
careful  investigations  on  the  density  of  the  atmosphere.  The  film 
of  hygroscopic  moisture  which  always  adheres  to  the  glass  is  equal 
in  both  globes;  and  sus  the  bulk  of  air  displaced  is  also  equal  in 
both  cases,  the  calculation  for  its  buoyancy  may  be  dispensed 
with.  The  following  is  a  brief  description  of  the  method  adopted 
by  Regnault : — A  balance  capable  of  weighing  two  pounds,  and 
sufficiently  sensitive  to  turn  with  the  -rfg-  part  of  a  grain  when 
loaded,  is  placed  upon  a  chest  provided  with  folding  doors,  within 
which  the  glass  globes,  each  of  the  capacity  of  about  600  cubic 
inches,  attached  to  the  scale- 
pans,  are  freely  suspended.  ^^^'  i'4- 
The  globe,  b,  fig.  114,  is 
hermetically  sealed ;  the 
globe.  A,  for  weighing  the 
gases,  is  provided  with  a 
stop-cock;  the  air  is  ex- 
hausted from  A  as  perfectly 
as  possible,  and  it  is  con- 
nected with  an  apparatus 
which  supplies  the  gas  to 
be  weighed,  the  gas  having 
been  carefully  purified  and 
dried.  The  globe  is  again 
exhausted  very  completely, 
the  last  portions  of  air  being 
thus  displaced  by  the  gas,  and  it  is  a  second  time  filled  with  the 
gas ;  this  process  must  be  repeated  a  third  time,  and  the  gas  will 
then  be  free  from  atmospheric  air.  To  avoid  the  need  of  any 
correction  for  temp^ature^  .the  globe  is  this  .time  placed  in  a 
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vesflel  widi  melting  ioe  (fig. 
iij),  in  ordeff  to  cool  tbe 
gna  to  3*"  F.,  whidi,  by 
the  French,  ui  always  taken 
as  the  standard.  When 
the  j;lobe  is  filed  with  gu, 
and  Bofficient  time  has 
elapsed  fer  it  to  acquire  the 
temperature  of  the  ice,  *^ 
vessel  of  mercnry,  w,  into 
wiiich  tbe  escape-tube  ^ps, 
is  removed,  so  as  to  equalise 
the  pressure  widiin  the  globe 

with  that  of  tJie  air;   the 

'~  stop-cock  is  closed,  and  the 

globe  withdrawn,  wiped  carefully  with  a  damp  cloth,  to  aTo«l  ren- 
dering the  euriace  electric,  and  it  is  then  suspended  to  the  aeale- 
pan.  It  is  not  weighed,  however,  until  after  the  lapse  of  a  couple 
of  hours,  by  which  time  the  equilibrium  of  its  temperature  with  ihe 
■tmo^here  is  restored,  and  the  production  of  currents  {iSi)  taoaaA 
it  is  obviated.  The  weight,  W,  is  ^en  accurately  noted ;  the  globe 
is  agun  plunged  in  ice,  the  gas  removed  by  the  air<pump,  and 
the  elasticity  of  the  gas  which  still  remains  in  it  is  measuped 
accurately  by  the  gauge  attached  to  the  air-pump.  The  nnpty 
globe  is  again  withdrawn  &om  the  ioe  and  weighed  as  before^ 
Tepresenting  its  weight  as  w ;  the  diftrence  of  the  two  weights 
(or  fV'-^w)  will  give  the  iroight  of  a  bulk  of  gae  the  daaticity 
of  vbich  is  equal  to  that  of  the  atmosphere,  as  marked  by  the 
observed  height,  iT,  of  the  barometer  at  the  time  of  tbe  experi* 
meat,  diminished  by  the  elasticity,  k,  of  the  remuning  ga^  as 
messui^  by  the  gauge.  If  the  capacity  of  the  globe  has  been 
previously  accurately  determined,  the  corrected  weight  at  the  gas 
will  be  obtained  by  tbe  following  proportion : — ■ 


leoWired 

Ti.  ob.OTsd 

Correotod 

pnuim. 

pwMnre. 

weight. 

TreiKht 

H'-h 

:          U        : 

-.      W'-W 

;       W 

Hegnault  has  in  this  manner  determined  the  weights  of  i  litre 
of  each  c^  the  following  gases,  at  52°^  and  under  a  pressure  of 
39*933  inches  of  mOTCury  at  33°;— 

One  litre  of  Grsmnes. 

Air,     mean  of  8  Espts.     .     .     b=     1-393187 

^^^^     Oiygen,      «     3  Expts.     .     .     =     1-439808 
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One  litre  of 
Nitrogen,  mean  of  6  Expts. 
Hydrogen       „        3  Expts. 
Carbonic  Acid,        5  Expts. 


Grmmnes. 
1-256167 
0*089578 

i*9774H 


From  these  data  it  is  easy  to  determine  the  weight  of  100  cubic 
inches  of  each  gas  in  grains.  The  litre  has  a  capacity  of  61*024 
cubic  inches ;  the  gramme  is  equal  to  ^5*433  grains ;  and  the  ex- 
pansion of  air  between  32®  and  60^  by  heat  is  such^  that  ioo,ogO" 
parts  become  105,701.  The  barotnetric  pressure  of  29*922  iiiches 
at  32**  would  be  equal  to  a  column,  at  60^,  of  30*005  inches  df 
mercury.  Calculating  firom  these  numfbers,  the  weight  in  grains 
of  the  under-mentioned  gases  under  a  pressure  of  30  inches  q{ 
mercury  (the  column  being  measured  at  60**)  is  as  follows : — 


100  Cabio  Inches  weigh. 

Atj*'*.    * 

At  A>°  P. 

■Bp.  Or.  Air- 1 

GrainB. 

Graififl. 

^ir               .••           ...            .r.            ■.. 

33698 

30935 

I'OOOO 

Oxygen      

36- 163 

34303 

1-1056 

Nitrogen    ...     

3i*75» 

30-119 

09713 

Hydro^n  ..      

3-265 

3143 

0*0692 

<;arbonic  Aoid   

50'ooo 

47303 

15290 

If  the  amount  of  condensation  which  the  constituents  of  a 
compound  gas  undergo  in  the  act  of  combination  be  known,  it  is 
.easy  to  check  the  experimental  determination  of  its  density,  and 
to  calcidate  the  specific  gravity  of  the  resulting  compound  by  the 
following  rule : — 

Multiply  the  specific  gravity  of  each  of  the  component  gases  or 
vapours  by  ihe  volume  in  which  it  enters  into  the  formation  of  the 
compound ;  add  these  products  together y  and  divide  by  the  number 
qf  volumes  produced  after  condensation  has  occurred. 

Suppose,  for  example,  it  be  desired  to  know  thfe  specific  gravity 
of  nitrous  oxide,  which  by  direct  weighing  is  found  to  be  1*52  : 
2  volumes  of  this  gas  are  formed  by  the  union  of  2  volumes  of 
nitrogen  and  i  volume  of  oxygen  :— 

Specific  gravity  of  nitrogen  =  0*9713  x  3  =  1*9426 
Specific  gravity  of  oxygen     •=  1-1056  x   i  =  1*1056 

2)3;o482 

Calculated  specific  gravity  df  nitrous  oxide     =  1*5241 

Again,  the  specific  gravity  of  ammonia  may  be  calculated  as  fol- 
lows, experiment  giving  it  as  0*59 :  2  volumes  of  ammonia  contain 
I  volume  of  nitrogen  and  3  volumes  of  hydrogen : — 
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Specific  grayity  of  nitrogen  =  0-97 13  x  1  =  0-97 13 

Specific  gravity  of.  hydn^n  =  0-0693  x  3  =  0-2076 

■     ■  3)1-1789 

Calculated  specifie  gravity  of  ammonia  =  o-^H^^. 

(147)  Determination  of  the  Specific  Gravity  of  Vapours. — A 
di£^nt  method  of  procedure  is  required  in  taking  the  specific 
gravity  of  a  vapour.  This  is  an  operation  which  the  chemist  has 
firequently  occasion  to  perform,  as  it  often  throws  light  upon  the 
compositioD  of  the  body.  Two  methods  have  been  proposed  for 
attaining  the  object ;  one,  devised  by  Gay-Lassac,  is  suitable  for 
liquids  which  boil  at  a  temperature  approaching  the  boiling-point 
of  water :  the  other  is  applicable  not  only  to  these  liquids  but  to 
all  that  boil  below  the  boiling-point  of  mercury.  This  latter 
method,  contrived  by  Dumas,  is  applicable  to  all  bodies  -which 
boil  below  the  temperature  at  which  glass  softens ;  but  it  requires 
a  considerable  amount  of  the  substance,  and  if  any  impurities 
which  have  a  higher  boiling  point  than  the  compound  under  ex- 
amination be  present,  they  accumulate  in  the  flask  and  render  the 
apparent  weight  of  the  vapour  too  high. 
The  method  of  Dumas  is  as  follows : — 

A  thin  glass  globe  or  balloon  (a,  fig. 
1 16),  of  3  or  4  inches  in  diameter,  is  drawn 
off  at  the  neck  into  a  capillary  tube,  5  or 
6  inches  in  length ;  the  open  extremity  of 
this  tube  is  attached  to  a  desiccating  tube 
filled  with  chloride  of  calcium  (66),  and 
this  is  connected  with  the  air-pump.  The 
air  is  exhausted  from  the  apparatus,  and 
then  slowly  re-admitted,  repeating  the  pro- 
cess three  or  four  times.  By  this  means 
any  film  of  moisture  which  might  be  ad- 
hering to  the  interior  of  the  globe  is  re- 
moved, and  it  is  filled  with  air  in  a  diy 
state :  the  temperature  and  pressure  of  the 
atmosphere  at  the  time  are  noted  down. 
The  balloon  after  being  detached  from 
the  air-pump  is  accurately  weighed :  this 
weight  represents  that  of  the  balloon  and  the  air  which  it  contains. 
The  capUlary  tube  is  then  inserted  into  the  liquid  which  is  designed 
to  furnish  the  vapour  the  specific  gravity  of  which  is  required  :  by 
gently  warming  the  globe,  the  enclosed  sir  expands,  and  a  email 
quantity  of  it  is  expelled.     As  the  globe  cods,  the  air  again  con. 
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tracts  and  the  liquid  rises.  loo  or  150  grains  of  the  liquid  hav- 
ing been  thus  introduced^  the  globe  is  next  firmly  attached,  by 
means  of  copper  wire,  to  a  wooden  handle,  c,  and  by  its  means  is 
depressed,  as  represented  in  fig.  116,  completely  beneath  the  sur- 
face of  a  liquid  (water,  oil,  or  chloride  of  zinc,  according  to  the 
temperature  required),  which  is  gradually  heated  till  it  is  at  least 
30°  or  40°  above  the  boiling  point' of  the  liquid,  of  which  the 
vapour-density  is  required.  The  liquid  in  the  globe  is  thus  made 
to  boil  briskly,  and  is  converted  into  vapour,  which  expels  the  air 
and  takes  its  place. 

After  the  vapour  ceases  to  escape  from 'the  aperture  of  the 
capillary  tube,  the  bath  is  maintained  at  a  steady  temperature 
for  a  few  minutes,  to  allow  the  balloon  and  its  contents  to  acquire 
the  temperature  of  the  liquid  in  which  they  are  immersed.  This 
temperature  is  then  observed  by  the  thermometer,  /,  and  at  the 
same  moment  the  capillary  tube  is  sealed  by  the  flame  of  the  blow- 
pipe. The  balloon  is  afterwards  removed  fit)m  the  bath,  and  allowed 
to  cool;  it  is  thoroughly  cleaned,  and  a  second  time  accurately 
weighed.  The  weight  thus  obtained  represents  that  of  the  balloon 
with  that  of  the  Uquid  which  remained  within  it  in  the  form  of 
vapour  at  the  moment  of  the  sealing..  The  capillary  neck  is  now 
plunged  beneath  the  surface  of  water  (or  of  mercury),  and  is  then 
broken  off.  K  the  operation  be  successful,  the  vapour  becomes 
condensed,  and  the  liquid  enters  the  globe,  so  as  either  completely 
to  fill  it  or  to  leave  only  a  small  bubble  of  air.  The  globe,  with 
the  water  which  it  contains,  is  next  careftdly  weighed,  and  the 
capacity  of  the  balloon  is  thus  ascertained,  since  252*5  grains  of 
water  are  contained  in  the  space  of  a  cubic  inch.  The  bubble  of 
air  is  then  decanted  into  a  graduated  tube,  and  its  bulk  measured ; 
or  the  globe  may  be  completely  filled  up  with  water  and  again 
weighed ;  the  difference  of  the  last  two  weighings  will  represent  the 
weight  of  a  quantity  of  water  which  corresponds  in  bulk  to  that  of 

the  bubble  of  air. 

« 

All  the  data  necessary  for  calculating  the  specific  gravity  of 
the  vapour  are  thus  furnished,  as  will  be  seen  from  the  following 
example : — 

Determination  of  the  Density  of  the  Vapour  of  Alcohol. 

BT  EXPERIMENT. 

GfftinB. 
( i)  Weight  of  the  balloon  full  of  dry  air,  at  a  pressure' 

of  29*1  inches  barometer,  and  a  temperature  j- 11 87*20 

of  57^  F. 
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Grrains. 


(t)  Weight  of  the  halloon  full  of  alcohol  vapoar^  sealed )     ^ 

at  2ia°,  barometer  at  29*1  inches        •  .J       ^ 

is)  Weight  of  the  balloon  with  the  water  that  entered}  « 

on  opening  the  <»pillary  neck  under  water   •) 

Cubic  Inch. 
(4)  BiCsidual  air  at  J7^  P.     .....        0*200 


BY   CALCULATION. 


By  (3)  the  weight  of  the  balloon  fiiU  of  water  was     . 
Sy  (i)  the  weight  of  the  balloon  full  of  air  was 

Difference :  weight  of  the  water     •         •  .  . 

Adi  7-{t  ^^  ^  weight  of  air  displaoed  by  the  water  • 


Grains. 
8l02'0 

1187-2 


«»^M 


6914*8 

8-4 


6923*2 


Cubic  Inches. 
.  Dividing  €923*2  by  252^5,  we  obtain,  ae  the  contents') 

of  the  balloon,  in  cubic  inches    .         ^  .)       7  4  9 

Add  to  this  the  bulk  of  the  residual  air  . 


i(5)  The  sum  gives  the  capacity  of  the  balloon  at  5)^ 
Add  the  increase  of  Tolume  due  to  expansion  at  212^ 

^6)  The  capacity  of  the  balloon  corrected  to  the  tem 
perature  of  212^  becomes  . 

27*619  cubic  inches  of  air  measured  at  57"^,  with  baro 
meter  at  29*1  inches,  would  become  at  60' 
with  barometer  at  30  inches 


And  would  weSgh        •         .         .         •         . 
Now  (by  j)  the  weight  of  the  balloon  filled  with  dry 

air  was  ....•• 
Deduct  tiie  weight  of  the  air 


0*200 


1 


27*619* 
0043 

27*662 


27*083 


Grains. 

8-37 
>  1187*20 

8-37 


(7)  The  difference  gives  the  weight  of  the  empty  balloon   1 1 78*83 


*  Where  rigid  accuracy  is  desired,  it  is  necessary  to  calculate  the  difference 
between  the  capacity  of  the  globe  at  the  temperature  of  the  air,  and  that  at 
the  temperature  at  sealing,  and  to  add  this  difference  to  the  capacity  as  cal- 
culated above.  When  the  temperature  at  sealing  is  rery  elevated,  this 
ooraection  acquires  some  importance ;  but  it  is  insignificant  in  most  cases, 
more  especiaUy  as  the  vapour  densities  obUuned  by  experiment  never  coincide 
accurately  wita||||^||ttwtioal  results,  and  a  fair  approximation  is  generally 
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Cubie  Inch. 
The  0*2  cubic  inch  of  residual  air  measured  at  57^^ 

and  at  29*1  inches  barometer^  would  become  -        0*252 

at  21-2^  and  29*1  barometer 

Grain. 
(8)  And  would  weigh ..  .  •         ^  .  •  o'o6 

Gabio  Inches. 
But  (by  6)  the  capacity  of  the  balloon  at  212®  was  .        27*662 

Deduct  dilated  residual  air    .  •  •  .  •  0*252 


The  difference  gives  the   space  occupied  by   alcohol') 

vapour,  at  212^  and  29*1  barometer     .  .3         '  ^ 

Now  27*41  cubic  inches  of  vapour,  measured  at  212° 
and  29*1  barometer,  if  they  could  exist  uncon- 
dcnsed  as  vapour,  at  60^,  and  at  30  inches 
barometer,  would  become  • 


V 


20*565 


Grains. 
20 


But   (by  2)    the   united  weight  of  the  balloon^  the)      ^ 

vapour,  and  the  residual  air  was  found  to  bej         ^ 
Deduct  the  weight  of  the  residual  air  (8)  •         •  0*06 


The    difference    gives    the    weight    of   balloon    and")       ^ 

vapour   .  .  .  .  •  •  .J         ^ 

Deduct  the  weight  of  the  empty  balloon  {7)     •         •    1178-83 


The  difference  gives  the  weight  of  20*565  cubic  inches*) 
X3f  idcohol  vapour  at  60®    .  •  .  .3 

100  cubie  inches  of  alcohol  vapour  would  therefore  weigh  50*123 
grains  at  60^  and  30  inches  barometer.  NoWj  100  cubic  inches 
of  air  weigh  31  grains,  at  60°  and  30  inches  barometer ;  therefore, 
50*123  divided  by  31  gives  j*6j7  as  the  q)ecific  gravity  of  the 
vapour  of  alcohol,  from  the  foregoing  experiment. 

Deville  and  Troost  [Comptes  Rendms,  xlv.  821,  and  xlix.  239)  have 
extended  this  method  of  Dumas  to  the  determination  of  the  density 
of  vapours  of  bodies  of  very  high  boiling-point.  They  employ  light 
vessels  of  porcelain,  instead  of  the  glass  balloon,  and  seal  the  exit 
tube  by  means  of  the  oxyhydrogen  jet.  The  constant  tempera- 
ture at  which  the  density  of  the  vapour  is  determined,  is  obtained 
by  placing  the  porcelain  vessel  in  the  vapour  of  a  body  which  boils 
at  a  much  higher  temperature  than  the  substance  subjected  to  esL- 


all  that  m  required  to  indicate  the  state  of  eondensation  of  the  conatitaents  of 
the  oompooDd.  Since  the  expansion  of  flint  glass  between  33^  and  aiJ°  is 
eqnid  to  0*00228366  of  its  balk,  the  increase  in  capacity  of  the  balloon  in  the 
meffAag  experiment  between  57^  and  2x3^  is  0043  ^^  inch. 
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periment ;  the  distillation  of  the  body  which  furnishes  the  vaponr- 
bath  being  conducted  in  vessels  of  iron.  Boiling  mercury,  for 
example,  gives  a  vapour  of  constant  temperature  of  662® ;  the  vapour 
of  boiling  sidphur  is  estimated  at  824*^ ;  that  of  cadmium  at  1580° ; 
and  that  of  zinc  at  1904^.  But  since  the  determination  of  these 
high  temperatures  is  liable  to  some  uncertainty,  a  comparative  ex- 
]periment  is  made  in  a  separate  porcelain  vessel,  by  employing  a 
substance  like  iodine,  which  furnishes  a  very  heavy  vapour,  the 
density  of  wliich  at  measurable  temperatures  is  exactly  known.  The 
experiments  thus  give  the  direct  relation  between  the  density  of  the 
vapour  under  trial^  and  that  of  iodine  at  the  same  temperatures. 

§  II.  On  the  Equilibrium  of  Temperature. 

(148)  All  bodies,  when  heated,  return  sooner  or  later  to  the 
temperature. of  sucrounding  objects;  the  tendency  of  heat  being 
constantly  to  preserve  or  recover  an  equilibrium.  This  balance  is 
restored  either  by  the  process  termed  conduction,  that  is,  by  trans- 
mission of  heat  fipom  particle  to  particle ;  or  by  convection,  or  the 
motion  amongst  the  particles  of  liquids  or  gases ;  or  by  radiation 
between  bodies  at  a  distance  from  each  other. 

Conduction, 

(149)  If  we  place  the  end  of  a  short  strip  of  glass  and  of  a 
strip  of  metal,  of  equal  length,  in  the  flame  of  a  lamp,  we  shall 
soon  be  sensible  that  heat  reaches  the  fingers  more  rapidly  through 
the  metal  than  through  the  glass ;  and  shall  have  a  convincing  proof 
that  these  two  substances  diflfer  greatly  in  their  power  of  conduct- 
ing heat.  Of  all  known  substances,  metals  possess  the  greatest 
amount  of  conducting  power,  but  even  they  diflfer  considerably 
when  compared  with  each  other.  It  may  be  taken  as  a  rule, 
although  it  is  liable  to  numerous  exceptions,  that  the  denser  the 
body  the  better  it  conducts  heat. 

Despretz,  many  years  since,  and  Langberg,  as  well  as  Wiede- 
mann and  Franz,  more  recently,  have  published  a  series  of  experi- 
ments upon  the  relative  power  possessed  by  different  solids  for  the 
conduction  of  heat.  In  the  experiments  of  the  observers  last 
named  (Pogg.  Annal.  Ixxxix.  497),  bars  of  each  substance  similar 
in  dimensions  were  exposed  at  one  extremity  to  a  uniform  source 
of  heat,  and  the  progress  of  the  temperature  along  each  bar  was 
measured,  at  intervals  of  2  inches,  by  means  of  a  thermo-electric 
pair.  They  concluded  that  the  conducting  power  for  heat  in  metals 
follows  the  same  order  as  their  power  of  conducting  electricity. 

Calvert  and  Johnson  (PAt/.  Trans.  1858)  have  investigated  th^ 
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same  subject  by  a  still  more  direct  method.  Their  plan  of  opera- 
ting consisted  in  employing  two  vessels  made  of  vulcanized  caout- 
chouc^ on  account  of  its  feeble  conducting  power  for  heat.  The  bars 
of  the  metals  under  trial  were  each  2' ^6  inches  long,  and  0*393  inch 
square.  Each  bar  in  succession  was  passed  through  an  opening 
in  one  of  the  sides  of  each  vessel,  into  which  it  projected  one-sixth 
of  its  length,  the  intervening  portion  being  covered  with  vulcanized 
caoutchouc.  A  given  weight  of  cold  water  sufficient  to  cover  the 
bar  was  then  introduced  into  one  of  these  vessels,  and  the  tempe- 
rature accurately  observed ;  into  the  other  vessel  a  given  weight  of 
water  at  about  194°  was  introduced,  and  the  temperature  was 
maintained  steadily  at  this  point  for  15  minutes  by  the  occasional 
injection  of  steam  in  sufficient  quantity.  At  the  end  of  this  time, 
the  temperature  of  the  colder  vessel  wajs*noted.  A  comparison  of 
the  rise  of  temperature  experienced  in  this  vessel  when  bars  of  dif- 
ferent metals  were  employed  in  succession,  furnished  the  relative 
conducting  power,  correction  being  made  for  the  loss  of  heat  by 
radiation  and  transfer  from  one  vessel  to  the  other  during  the 
experiment.* 

Conducting  Power  for  Heat. 


, 

-  CaWert  and  Johnson. 

Wiedemann  and 

/ ^ ^ 

Frans. 

Metals  Employed. 

• 

^c. 

Mean  CondactiTity, 

' 

SiseofTemp: 

Silver 

as  1000. 

Silver 

31*90 

1000 

1000 

Gold 

3130 

981 

533 

Goldf^ 

Boiled  Copper 

26-80 

840 

2695 

845 

n^ 

Cast  Copper     

35-87^ 

811 

Mercury 

2 1 -dot 

677 

Aluminum 

21'20 

665 

Rolled  Zinc      

20*45 

641 

Cadmium 

18*40 

577 

Bar  Iron 

1392 

436 

119 

Tin     

1345 

422 

M5 

Steel 

12*65 

397 

116 

Platinum 

12*15 

380 

84 

Sodium     

11*65 

365 

Cast  Iron 

11-45 

359 

Lead 

9*17 

287 

85 

Antimony 

685 

215 

Bismuth    

1*95 

61 

18 

*  It  is  to  be  regretted  that  the  authors  did  not  test  the  accuracy  of  their 
method  by  repeating  their  experiments  with  bars  of  the  same  metals  of  a 
different  lengtn — say  of  four  inches ;  they  would  no  doubt  have  then  obtained 
^e  same  sequence ;  but  the  ratio  of  the  quantities  of  heat  conducted  would 
probably  have  been  different.  Their  numbers  at  present  must  simply  be 
regarded  as  representing  the  order  of  conductivity ^  out  not  the  conducting 
ipo^et  of  the  metals. 

t  Manifestly  this  is  erroneous ;  probably  the  apparent  rery  high  rate  for 
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The  preceding  table  gives  some  of  the  results  obtained  in  this 
WB,J,  compared  with  those  of  Wiedemann  and  Franz. 

In.  the  experiments  of  Calvert  and  Johnson^  the  platinum^ 
almninum,  iron,  and  sodium  employed,  were  ordinary  commercial 
samples ;  the  other  metals  are  believed  to  have  been  chemically 
pure.  The  purity  of  the  metals  is  indeed  a  point  of  great  impor- 
tance^ as  the  presence  of  small  quantities  of  foreign  metals  or  other 
substances  greatly  impairs  the  conducting  power  of  the  mass.  Thus 
it  was  found  that  gold  when  alloyed  with  i  per  cent,  of  silver^  lost 
nearly  20  per  cent,  of  its  conducting  power. 

Alloys  of  tiu  and  lead^  and  lead  and  zinc,  were  found  to  con-> 
duct  in  the  ratio  of  the  mean  conductivity  of  the  two  metals^  and 
these  alloys  were  found  by  Matthiessen  to  conduct  electricity  in 
like  manner,  forming  an  exception  to  the  generality  of  the  alloys* 

Some  alloys  of  good  and  bad  conductors,  with  the  inferior 
conductor  in  excess,  give  a  conductivity  no  higher  than  that  of  the 
inferior  metal;  bronze,  finr  example,  and  the  alloys  CuSuc^CuSn^, 
conduct  no  better  than  tin.  The  presence  of  carbon  diminishes 
the  conductivity  of  iron.  If  that  of  silver  be  taken  as  1000, 
malleable  iron,  steel,  and  cast  iron  will  be  represented  thus : — 

Malleable  iron  .  •  .  .  .  436 

Steel        ......  397 

Cast  iron  ......  359 

It  is  principally  owing  to  differences  in  conducting  power  that 
bodies  at  the  same  temperature  excite  when  touched  very  different 
sensations  of  heat  or  of  cold.  A  piece  of  metal  feels  much  hotter 
or  colder  than  a  piece  of  wood  heated  to  the  same  degree,  because 
the  metal,  fix)m  its  superior  power  of  conduction,  according  as  it  is 
above  or  below  the  temperature  of  the  hand,  imparts  heat  or 
receives  it  more  quickly  than  the  wood. 

This  property  of  conduction  is  possessed  by  liquids  in  a  very 
limited  degree.  On  filling  a  test-tube  with  water,  and  holding  it 
by  the  lower  part,  whilst  the  top  of  the  tube  is  placed  across  the 
flame  of  a  spirit  lamp,  the  water  at  the  top  of  the  tube  may  be 
kept  boiling  for  many  minutes  without  occasioning  the  slightest 
inconvenience  to  the  person  who  holds  it.  Gases  are  inferior  even 
to  liqidds  in  conducting  power;  hence  it  is  that  porous  bodies, 
such  as  wool,  fur,  and  eider-down,  which  imprison  large  bodies  of 
air  within  them,  are  so  well  adapted  for  winter  clothing,  by  pre- 
venting the  escape  of'  the  heat  of  the  body  outwards.     For  the 


mercury  is  due  to  the  couTectire  currents  established  in  the  fluid  metal,  which 
were  not  counteracted.  ' 
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same  reason,  chiefly,  the  employment  of  double  doors  and  windows, 
which  include  a  layer  of  air  between  them,  is  so  useful  in  prevent- 
ing the  heat  of  our  apartments  from  escaping  outwards ;  or,  as  in 
the  case  of  fire-proof  boxes  and  ice-houses,  in  preventing  that  of 
the  outer  atmosphere  from  penetrating.  In  a  similar  manner  snow 
preserves  the  warmth  of  the  earth  during  the  rigour  of  winter 
There  seem,.howcver,  to  be  differences  in  the  conducting  power  even 
of  gases  for  heat.  Magnus  considers  that  the  conducting  power  of 
hydrogen  surpasses  that  of  all  other  gases,  and  it  is  increased  by 
increasing  the  density  of  the  hydrogen  employed.  In  his  ex- 
periments he  placed  a  thermometer  at  the  lower  part  of  a  glass 
cylinder,  which  could  be  deprived  of  air,  and  filled  successively 
with  the  various  gases  under  trial ;  the  upper  part  of  the  cylinder 
was  then  heated  by  means  of  boiling  water.  The  temperature  of  the 
external  air  was  uniformly  at  59°,  during  the  course  of  tiie  experi- 
ment, and  care  was  t^en  to  protect  the  apparatus  from  the  dis« 
turbing  influence  of  radiation ;  the  temperature  rose  higher  when 
hydrogen  was  employed  than  when  any  other  gas  was  admitted. 

The  rapid  change  of  particles  of  air  which  are  in  contact  with 
the  body,  by  the  action  of  a  wind,  renders  the  human  frame  much 
less  able  to  bear  cold  in  a  windy  tiian  in  a  still  atmosphere* 
Voyagers  in  the  Arctic  regions  found  that,  if  properly  clad,  they 
could  endure  in  a  still  air,  a  temperature  of  —55°  F.:  while  at  o^ 
with  a  brisk  wind,  it  was  impossible  to  face  the  breeze  with  safety. 
A  parallel  case  occurs  in  liquids :  the  hand  may  with  impunity  be 
kept  stationary  in  water  of  a  temperature  so  high,  that  if  the  hand 
were  in  motion,  severe  pain  would  be  occasioned. 

Many  familiar  contrivanoes  for  preventing  the  escape  of  heat, 
and  for  facilitating  the  employment  of  hot  bodies,  depend  upon 
the  use  of  inferior  conductors  of  heat ;  thus  a  layer  of  charcoal  is 
generally  interposed  between  the  case  of  the  frimace  and  its  fire* 
clay  lining,  in  order  to  confine  the  heat.  The  kettle-holder  is  for 
this  reason  used  to  protect  the  hand  from  the  heat  of  the  metal ; 
whilst  the  handles  of  teapots  are  insulated  from  the  hot  metal  by 
non-conducting  pieces  of  ivory.  Wicker-work  or  matting  is  placed 
under  hot  dishes  to  separate  them  from  the  dinner-table  by  badly 
conducting  substances. 

Much  of  the  economy  of  friel  depends  upon  a  judicious  B:pplu 
cation  of  these  principles.  An  instructive  illustration  of  their 
importance  is  exhibited  in  the  manner  in  which  heat  may  be 
economized  by  an  appropriate  construction  of  the  boiler  of  a  steam^ 
engine.  The  form  which  answers  this  purpose  most  perfectly  is 
tbat  which  is  known  as  the  Cornish  boiler.     Fig.  117  shows  a 
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traiiBverse  section  of  this  boiler ; 
it  consists  of  two  cylinders  placed 
one  within  the  other;  between 
the  two  is  the  space  for  the  water : 
the  interior  cylinder  contains  the 
^  lire  grate,  ash  pit,  and  the  first 
portion  of  the  flue  the  heat 
which  would  otherwise  be  con 
ducted  away  by  the  fire  bare  and 
by  the  masonry  of  the  ash  pit, 
18  thus  economized,  and  the  heated 
products  of  combustion  pass 
through  the  boiler  for  its  whole 
length,  which  is  sometimes  as 
much  as  40  or  even  60  feet;  the  hot  air  then  returns  along  the  out- 
side of  the  boiler  towards  the  fireplace,  and  once  more  passes  under- 
neath the  boiler  before  it  finally  reaches  the  chimney,  c.  Lose  of 
heat  from  the  outer  surface  of  tbe  boiler  is  prevented  by  covering 
it  with  a  layer  of  badly  conducting  material.  In  the  boiler  of  the 
locomotive,  where  a  stronger  draught  is  necessary,  the  fireplace  is 
surrounded  at  top  and  on  ita  two  sides  by  a  double  casing  containing 
water,  and  the  hot  air  from  the  furnace  passes  through  the  length 
of  the  boiler  by  a  number  of  small  tubes,  which  open  at  one  end 
into  the  fireplace,  at  the  other  into  the  chimney.  Loss  of  heat 
from  the  external  surface  is  here  also  prevented  by  casing  the 
boiler  in  some  non-conducting  material,  such  aa  felt,  which  is 
usually  covered  with  wood. 

{150)  Inequality  in  the  Rate  of  Conduction  in  different  Direc- 
tions.— The  researches  of  De  Senarmont  {Ann.  de  Chimie,  III.  sxi. 
457,  and  xxii.  179,)  have  shown  that  although  the  conducting 
power  of  solids  which  are  homogeneous  throughout,  and  of  crystals 
which  belong  to  the  regidar  system,  is  uniform  in  every  direction, 
yet  that  in  all  crystals  which  do  not  belong  to  the  regular  system 
the  conducting  power  varies  in  different  directions,  according  to 
tbe  relation  of  the  direction  to  that  of  the  optic  axis  of  the  crystal. 
The  frmdamental  feet  is  easily  demonstrated  by  taking  two  slices 
of  quartz,  one  cut  parallel  to  the  axis  of  the  prism,  the  other  cut 
«t  right  angles  to  that  axis ;  through  the  centre  of  each  plate  a 
small  conical  aperture  is  drilled  for  the  reception  of  a  silver  wire, 
one  end  of  which  can  be  heated  in  a  flame,  and  which,  by  its 
conducting  power,  acts  as  an  uniform  central  source  of  heat.  If 
previously  to  the  application  of  heat  the  surfeces  of  the  crystal  be 
coatcd,j|j|tl^|ies'-wax,  the  wax  in  the  plate  cut  across  the  axis 
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(fig.  1 18, 1),  will  be  melted  in  the  form  of  a  circle, 
of  which  the  wire  occupies  the  centre ;  whilst  oa 
the  other  piste  the  wsx  will  be  melted  ia  the  form 
of  an  ellipse,  the  two  diameters  of  which  are  as 
locx) :  1313,  the  long  axis  coinciding  with  the  di- 
rection of  the  optic  axis  of  the  crystal  (fig.  1 1 K,  3) 
showing  that  the  conducting  power  is  greater  in 
this  direction  than  in  one  at  right  angles  to  it : 
whilst  the  circular  form  of  the  melted  wax  in  the 
first  experiment  shows  the  uniformity  with  which 
heat  is  propagated  in  all  directions  around,  and 
parallel  to,  the  axis  of  symmetry.  In  crystals 
with  two  optic  axes,  the  results,  although  more 
complicated,  present  the  same  intimate  connexion 
with  the  direction  of  those  lines  within  the  crystal. 
Bodies  which  are  not  crystalline  also  exhibit  an 
inequality  in  their  power  of  conducting  heat  in 
different  directions,  when  their  molecular  structure  is  altered  by 
unequal  tension  or  pressure.  Unannealed  glass,  and  plates  of 
glass  subjected  to  compression  upon  their  edges,  exhibit  these 
phenomena,  the  shorter  axis  of  the  ellipse  being  in  the  line  of 
pressure  or  of  greatest  density. 

Delarive  and  DccandoUe  have  shown  that  similar  differences  in 
conducting  power  occur  in  wood,  which  conducts  much  better  with 
the  grain  than  across  it ;  that  is,  better  in  a  direction  parallel  to 
the  fibres,  than  across  them.  Tyndall  has 
not  only  confiiTaed  this  fact,  but  has  also 
proved  that  heat  passes  rather  more  rapidly 
in  a  direction  from  the  external  surface  to- 
wards the  centre,  a  b  (fig.  119),  than  it  does 
in  a  direction  parallel  with  the  ligneous  rings, 
erf  [Phil.  Trans.  1853,  p.  %i6) ;  the  greatest 
conducting  power  coinciding  with  the  direc- 
tion of  greatest  porosity  and  rsadiest  cleavage. 
The  heaviest  woods  are  not  always  the  best 
conductors.  American  birch,  though  very  light,  conducts  better 
than  oak,  which  is  much  denser,  and  far  better  than  ironwood, 
which  has  the  unusual  density  of  1*426. 

Convection  of  Heat. 
(151}  Although  the  power  of  conducting  heat  possessed  by 
Uqnids  and  gases  is  very  small,  yet  they  admit  of  being  rapidly 
heated  by  a  process  of  circulation  or  convection,  which   depends 
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upon  the  &ee  mobility  of  the  particles  that  compose  them.  "When 
heated,  each  particle  expands,  and  becomes  for  the  time  specifically 
lighter.  If  the  heat  be  applied  at  the  bottom  of  a  large  flask 
nearly  filled  with  water,  into  which  a  little  bran  has  been  thrown 
to  enable  the  eye  to  follow  the  motion  oc- 
Fia.  lao.  casionedj  the  heated  and  lighter  particles 

will  be  seen  by  the  motion  of  the  bran  to 
ascend,  while  their  place  is  supplied  by  fresh 
particles  from  the  sides ;  these  in  turn  come 
into  contact  with  the  heated  glass  at  the 
bottom,  and  they  again  make  way  for 
colder  portions.  An  ascending  current,  as 
shown  in  fig.  1 20,  is  thus  established  up 
the  middle,  and  descending  currents  flow 
down  the  sides  of  the  flaak,  which  are  kept 
cool  by  the  air.  Anything  that  checks 
this  free  circulation,  and  occasions  viscidity 
in  the  liquid,  impedes  the  distribution  of  heat.  Porridge  or  starch, 
during  the  boiling,  requires  to  be  constantly  stirred,  for  the  pur- 
pose of  presenting  fresh  surfaces  to  the  source  of  heat,  and  of 
preventing  the  portions  in  contact  with  the  hot  bottom  of  the 
vessel  &om  becoming  overheated  and  '  burned.' 

The  motion  thus  communicated  by  heat 
f  Id.  131.  to  liquids,  has  been  ingeniously  applied  to 

the  warming  of  buildings,  by  the  circula- 
tion of  hot  water  in  pipes.  One  of  the 
most  effective  methods  will  be  understood 
by  examining  fig.  121,  which  represents 
Perkins's  arrangement  for  heating  by  means 
of  hot  water  at  a  high  pressure.  In  its 
simplest  form  it  consists  of  a  continuous 
WTOught-iron  pipe,  i  inch  in  diameter  ex* 
ternally,  with  a  bore  half  an  inch  in  dia- 
meter. The  pipe  is  completely  filled  with 
water  at  p  and  closed  by  a  plug.  The  ap- 
paratus is  provided  with  a  chamber  at  e,  of 
about  a  fifth  or  a  sixth  the  capacity  of  the 
entire  tube,  to  allow  for  expansion  ;  this 
chamber  being  left  empty.  About  a  sixth  of 
the  entire  length  of  the  pipe  is  coiled  up  at 
p  c,  and  is  heated  by  a  furnace,  which  is  of 
necessity  placed  in  the  basement  of  the 
building.    At  8  a,  s  s,  other  coils  are  formed 
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upon  the  pipe  as  it  passes  through  the  different  apartments  which 
are  to  be  heated.  The  course  of  the  water  is  indicated  by  arrows. 
The  hot  water,  mixed  with  bubbles  of  steam,  passes  off  from  the 
upper  part  of  the  fire  coil,  p  c,  ascends  by  the  pipe,  a  a,  to  the 
highest  part  of  the  building;  it  then  flows  off  on  either  side 
through  the  heating  coils,  s  s,  s  s,  and  returns  by  the  pipes,  c  c, 
which  unite  into  one  before  delivering  the  cooled  water  to  the 
bottom  of  the  fire  coil,  p  c.  ss.ss  are  stop-cocks  for  arresting 
the  current  through  any  one  of  the  heating  coils,  s  s,  s  s. 

The  importance  of  the  exception  in  the  case  of  water  to  the 
regularity  of  expansion  (143),  in  connexion  with  these  circulatory 
movements  will  now  be  perceived.  During  the  frosts  of  winter 
a  rapid  process  of  cooUng  goes  on  from  the  surface  of  the  earth 
and  of  our  lakes  and  rivers :  the  colder  water  sinks  to  the  bottom, 
fresh  portions  being  supplied  from  below,  until  the  whole  has 
reached  the  temperature  of  40°;  below  this  point  the  colder  water 
being  the  lighter  remains  at  the  top,  thus  protecting  the  mass 
beneath  from  fiirther  reduction  of  temperature  by  its  inferior  con- 
ducting power,  and  preventing  such  a  reduction  at  any  considerable 
depth  as  would  be  fatal  to  the  animals  which  it  contains.  Ice, 
too,  being  lighter  than  water,  floats  upon  the  surface,  arid  thus  the 
bottoms  of  our  rivers  are  protected  from  the  accumulations  of 
fit)zen  water,  otherwise  inevitable ;  and  which  no  subsequent  sum- 
mer heat  would  ever  suffice  to  melt,  or  even  to  reach  from  the 
surface.  In  the  ocean,  where  the  maximum  of  density  occurs 
below  32°,  the  depth  is  so  great  that,  excepting  near  the  polar 
circles,  the  low  temperature  does  not  last  sufficiently  long  to  reduce 
the  entire  mass  to  a  degree  injurious  to  animal  life. 

(152)  Currents  in  Gases — Ventilation. — The  motions  produced 
in  gajses  by  the  expansive  action  of  heat  are  still  more  obvious 
and  extensive  than  those  occasioned  by  it  in  liquids.  The  tapering 
form  of  flame  is  due  to  an  expansion  of  the  air,  accompanied  by 
a  powerful  upward  current,  produced  by  the  heat  with  which  it  is 
attended.  A  body  of  heated  air  confined  in  a  light  envelope  pos- 
sesses considerable  ascensional  power,  and  constitutes  the  ordinary 
fire-balloon ;  it  was,  indeed,  by  means  of  such  a  balloon  that  the 
first  aeronautic  excursion  on  record  took  place. 

The  application  of  the  currents  produced  in  air  by  differences 
of  temperature  to  the  ventilation  of  our  dwellings  is  a  subject  of 
great  practical  importance.  The  draught  produced  in  the  chimney 
is  due  to  the  heat  derived  from  the  fire,  which  dilates  the  air  in 
the  flue  above  it,  and  renders  it  specifically  lighter :  it  consequently 
rises  in  the  shaft,  and  the  longer  the  chimney  the  more,  powerful 
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is  the  draught.  Suppose  the  temperature  in  the  chimney  to  he 
on  the  average  of  its  length  50*^  above  that  of  the  outer  air,  which 
may  be  assumed  to  be  at  41^;  the  dilatation  of  air  for  each 
I®  F.  is  -y-^o  of  its  bulk  at  41**,  the  column  of  air  in  the  chimney 
will  therefore  be  dilated  -5^^,  or  ■^.  A  column  of  such  heated 
Air,  22  feet  high,  which  we  will  assume  as  the  length  of  the 
chinmey,  would  therefore  only  balance  a  column  of  20  feet  in 
height  at  the  temperature  of  the  outer  air,  and  the  ascensional 
force  of  the  heated  air  would  be  that  due  to  the  difference  in 
weight  between  the  22  feet  of  warm  air  and  22  feet  of  colder 
air,  or  equal  to  the  pressure  of  a  column  of  the  colder  air  2  feet 
in  height.  Air  must,  however,  be  supplied  to  the  lower  open- 
ing, in  order  to  allow  the  equilibrium  to  be  restored ;  and  if  the 
communication  of  the  apartment  with  the  outer  air  be  insufficient 
(as  when  the  doors  and  windows  are  carefully  closed,  and  listed 
down,  to  exclude  the  draughts  of  cold  air  that  rush  in  at  every 
crevice  to  furnish  that  required  to  feed  the  chimney),  air  will  enter 
at  the  top  of  the  chimney ;  just  as  when  a  bottle  fiill  of  air  is 
plunged  with  its  mouth  upwards  under  water,  the  water  enters  at 
the  mouth,  whilst  the  air  escapes  in  gushes  or  bubbles.  The  con- 
sequence of  cold  air  entering  at  the  top  of  the  chimney  will  be, 
that  it  pours  down  into  the  room,  and,  as  a  necessary  result,  the 
chimney  smokes.  If  the  door  or  the  window  be  opened,  however, 
the  annoyance  ceases.  In  a  room  properly  ventilated,  the  requisite 
supply  of  fresh  air  will  enter  freely,  without  the  necessity  of  setting 
the  door  open. 

In  ventilating  a  room,  it  must  be  remembered  that  the  air 
which  has  been  used,  and  which  requires  renewal,  has  become  heated 
by  respiration  and  by  the  burning  of  lamps  or  candles ;  it  therefore 
rises  and  accumulates  in  the  upper  part  of  the  room.  This  is  easily 
seen  by  opening  the  door  of  a  heated  apartment,  and  holding  a 
candle  near  the  upper  part  of  the  door- way ;  if  the  window  be  not 
open,  a  current  will  generally  be  foimd  blowing  the  flame  from  the 
room.  Midway  down,  the  flame  will  be  stationary,  while  near 
the  floor  it  vrill  be  blown  strongly  into  the  room.  In  this  expe- 
riment the  lighter  heated  air  flows  out  above,  while  the  heavier 
cold  air  supplies  its  place,  by  entering  at  the  lower  part  of  the 
room.  It  is  for  this  reason  advisable  always  to  make  apertures 
for  the  escape  of  heated  air  near  the  ceiling;  but  it  must  be  re- 
membered that  no  ventilation  can  be  effectual  which  does  not 
provide  for  the  entrance  of  fresh  air,  which  may  be  previously 
warmed  or  not,  and  which  is  best  admitted  at  the  lower  part  of 
the  room.     In  caseu||b||^here  is  a  sufficient  height  of  chimney. 
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a  contrivance  of  Dr.  Amotf  s  is  a  valuable  auxiliary  to  tlie  venti- 
lation ;  it  consists  of  a  balanced  valve^  opening  into  the  chimney^ 
whilst  any  momentary  downward  draught  occasioned  by  the  sudden 
shutting  of  the  door,  or  otherwise,  causes  the  valve  to  dose,  and 
thus  to  prevent  the  escape  of  smoke  into  the  room. 

The  velocity  of  the  currents  produced  by  heat,  and  the  rate  of 
cooling  effected  by  them  upon  a  thermometer  heated  up  to  a  deter- 
minate point,  vary  in  different  gases,  being  more  rapid  the  lighter 
the  gas.  In  hydrogen  the  rate  of  cooling  is  much  more  rapid  than 
in  air,  while  in  carbonic  acid  it  is  considerably  less  rapid. 

(153)  Trade  Winds. — The  processes  of  circulation  produced 
by  heat  in  liquids  and  gases,  which  have  just  been  described,  occur 
upon  a  vast  scale  in  the  atmosphere  and  in  the  ocean.     The  im- 
portant phenomena  of  the  trade  winds  arise  fix>m  movements  which 
originate  firom  these  causes.     The  temperatiire  of  the  surface  of 
the  earth  not  being  uniform,  but  being  highest  within  the  tropics 
and  lowest  at  the  poles,  the  air  near  the  equator  rises  in  tempera- 
ture, it  becomes  expanded,  grows  specifically  lighter,  and  therefore 
ascends,  its  place  being  supplied  by  cooler  air  from  the  parts 
adjacent,  but  nearer  to  the  poles.     The  heated  equatorial  air  rises 
to  a  certain  point,  and  then  falls  over  to  supply  the  place  of  the 
cooler  air  just  conveyed  from  the  neighbouring  regions.     In  con- 
sequence of  these  actions,  the  air  upon  the  surfiu^e  of  the  earth  is 
continually  moving  from  the  poles  towards  the  equator,  and  above 
this  current  is  another  proceeding  in  the  contrary  direction,  from 
the  equator  towards  the  poles.       The  lower  current,  which  is 
steadily  felt  on  each  side  of  the  equator  through  at  least  30^  of 
latitude,  is  of  the  utmost  importance  to  navigation,  and  forms 
what  are  called  the  trade  winds.     The  upper  current  does  not 
admit  of  being  so  accurately  traced,  but  there  is  satisfactory  proof 
of  its  existence.     The  summits  of  many  inter-tropical  mountains, 
such  as  the  Peak  of  TenerifiPe,  12,180  feet  high,  and  Mouna  Kea, 
in  the  Sandwich  Islands,   18,400  feet  in  height,  are  sufBciently 
elevated  to  reach  into  the  upper  current ;  and  at  the  top  of  these 
mountains  a  strong  south-westerly  wind  blows  continually,  whilst 
the  north-east  trade  wind  is  blowing  at  the  base.     If  the  earth 
were  stationary,  these  currents  would  set  due  north  and  south. 
The  surface  of  the  globe,  however,  ia  revolving  from  west  to  east,' 
at  the  average  rate  of  980  miles  per  hour  in  its  equatorial  part, 
and  the  rapidity  of  motion  gradually  diminishes  towards  the  poles, 
at  which  points  the  motion  almost  vanishes.     Air,  therefore,  which 
flows  towards  the  equator  from  the  poles,  is  moving  more  slowly 
than  those  regions  of  the  earth  towards  which  it  advances.    Sinceti 
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however,  the  objects  upon  the  surface  partake  of  the  motion  of 
the  earth  at  the  particular  spot  on  which  they  rest,  and  as  there- 
fore the  earth's  motion  is  not  perceptible,  the  eflFect  of  a  wind  tra- 
velling more  slowly  in  the  same  direction  as  that  in  which  the 
earth  is  moving  would  be  precisely  the  same  as  that  of  a  current 
blowing  in  the  opposite  direction,  with  a  velocity  equal  to  the  diflFer- 
ence  between  the  rates  of  the  two  motions,  supposing  the  earth  to 
be  at  rest :  consequently  the  wind  from  the  north  has  a  set  from 
the  east,  which  diminishes  as  it  approaches  the  equator,  where  the 
motion  of  the  successive  portions  of  the  surface  becomes  more 
uniform.  From  the  operation  of  these  causes  the  north-east  is  one 
of  the  most  prevalent  winds  in  our  climate.  For  similar  reasons, 
the  equatorial  current  towards  the  poles  sets  in  a  direction  from 
the  west,  and  retains  its  course  when  it  comes  down  to  the  surface, 
which  it  does  at  and  about  our  latitude,  occasioning  the  westerly 
winds  which  prevail  in  these  islands  so  generally  at  certain  seasons. 

The  land  and  sea  breezes  which  occur  morning  and  evening 
along  the  coasts  of  tropical  countries,  are  due  to  the  action  of 
analogous  causes.  Diuring  the  early  part  of  the  day  the  surface  of 
the  land,  from  the  action  of  the  sun's  rays,  becomes  more  heated 
than  the  ever-moving  ocean;  the  air  above  it  expands  and  rises, 
whilst  its  place  is  supplied  by  cooler  air  from  the  ocean — this  con- 
stitutes the  sea  breeze :  whereas  in  the  evening,  after  sunset,  the 
land  cools  more  rapidly  than  the  ocean,  and  the  air  resting  upon 
it  contracts  in  bulk,  and  becoming  hea>der,  flows  out  during  the 
night  upon  the  sea,  and  produces  the  land  breeze. 

(154)  Gulf  Stream, — Similar  currents,  of  equal  constancy  and 
r^ularity,  exist  in  the  ocean,  but  they  are  modified  in  their  direc- 
tion by  the  general  distribution  of  land  and  water  on  the  earth's 
surface.  That  part  of  the  ocean  which  is  immediately  under  the 
tropics,  and  between  the  eastern  and  western  hemispheres,  for  ex- 
ample, becomes  highly  heated ;  the  water  flows  oflf  on  either  side, 
towards  the  poles,  acquiring  a  westerly  direction  as  it  passes  south 
of  the  coast  of  Guinea,  and,  striking  the  promontory  of  Cape  St. 
Boque,  on  the  South  American  coast,  is  split  into  two  streams ; 
the  smaller  one  continues  southwards,  towards  Cape  Horn ;  the 
larger  current  maintains  a  north-westerly  course  in  the  Gulf  of 
•  Mexico,  where  it  receives  fiirther  accessions  of  heat,  and  is  gradually 
changed  in  its  direction ;  it  passes  along  the  southern  shores  of 
North  America,  and  finally  emerges  northward,  in  the  narrow 
channel  between  the  peninsula  of  Florida  and  the  Bahama  Islands, 
where  it  assumes  the  name  of  the  Gu{f  Stream.  The  temperature 
of  this  current  is  found  to  be  9^  or  10^  higher  than  that  of  the 


RADIATION    OF    HEAT. 


'247 


neighbouring  ocean.  The  current  passes  on,  graduaUy  widening 
and  becoming  less  marked,  till  it  is  lost  on  the  western  shores  of 
Europe.  A  less  accurately  defined  under-current,  from  the  poles, 
is  constantly  setting  in  towards  the  equator,  to  supply  the  place 
of  the  heated  water  which  takes  the  course  already  described. 
Besides  rendering  important  aid  to  the  navigator,  these  currents 
assist  in  maintaining  an  equilibriiun  of  temperature  on  the 
earth,  moderating  the  severity  of  the  polar  frost,  and  tempering 
the  sultry  heats  of  the  tropics.  One  cause  of  the  compara- 
tive mildness  of  our  own  winters  is  the  warmth  of  the  Gulf 
Stream. 

Radiation  of  Heat. 

(155)  A  person  placed  in  bright  sunshine,  or  before  a  blazing 
fire,  must  perceive  that  in  addition  to  the  gradual  mode  of  propa- 
gation from  particle  to  particle,  heat  is  endowed  with  the  faculty 
of  traversing  space,  and  transparent  media  such  as  the  atmosphere. 
This  transmission  of  heat  occurs  in  right  lines,  with  a  velocity 
equal  to  that  of  light  itself;  in  fact,  in  this  mode  of  propaga- 
tion it  follows  the  same  laws  as  light,  and  like  all  radiant  forces 
it  diminishes  in  intensity  as  the  square  of  the  distance  from  the 
active  centre. 

The  great  supply  of  heat  to  the  earth  fit)m  the  sun  is  trans- 
mitted by  the  process  of  radiation.  Some  idea  of  the  amount  01 
heat  thus  received  by  the  earth  may  be  formed  fit)m  a  rough  cal- 
culation made  by  Faraday,  to  the  effect  that  the  average  amount 
of  heat  radiated  in  a  summer's  day  upon  each  acre  of  land  in  the 
latitude  of  London,  is  not  less  than  that  which  would  be  emitted 
in  the  combustion  of  sixty  sacks  of  coal. 

Heat,  in  its  radiant  state,  does  not  raise  the  temperature  of  the 
media  which  it  traverses :  a  tube  full  of  ether  may  be  held  in  the 
focus  of  a  burning  mirror  without  becoming  sensibly  hotter ;  but 
the  moment  that  the  absorption  of  the  rays  is  caused  in  any  way, 
as  by  introducing  a  bit  of  charcoal  into  the  liquid,  the  ether  enters 
into  ebullition  and  is  dissipated  in  vapour. 

(156)  Reflection  of  Heat. — Polished  objects  reflect  the  greater 
part  of  the  heat  which  falls  upon  them ;  the  reflected  and  incident 
rays  are  always  in  the  same  plane,  and  the  angles  which  they  make 
with  a  perpendicular  to  the  reflecting  surface  are  always  equal. 
By  means  of  concave  mirrors,  the  rays  of  heat,  like  those  of  light, 
may  be  brought  to  a  focus,  and,  if  sufliiciently  intense,  they  will 
ignite  combustible  substances  placed  there.  The  law  of  the 
leflection  of  heat  may  be  roughly  demonstrated  by  holding  a  flat 
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sheet  of  tin-plate  in  such  a  position  before  a  common  fire  that  the 
light  of  the  fire  may  be  reflected  &om  it^  whilst  the  observer  is 
screened  from  the  direct  rays ;  the  sensation  of  heat  will  be  percep- 
tible upon  the  face  the  moment  that  the  reflection  of  the  fire  is 
seen.  The  same  fact  may  be  shown  in  a  still  more  striking  manner 
by  means  of  two  similar  concave  parabolic  mirrors  (fig.  122^  page 
251)  arranged  opposite  each  other,  at  the  distance  of  10  or  12  feet 
or  more.  If  a  lighted  candle  be  placed  in  the  focus  of  one  of  the 
mirrors^  the  rays  will  fell  upon  its  concave  surface,  and  thence  be 
reflected  in  parallel  lines  to  the  surface  of  the  second  mirror,  from 
which  they  will  be  a  second  time  reflected,  and  will  converge  at  its 
focus ;  a  luminous  spot  being  formed  upon  a  piece  of  paper  held  in 
this  position.  If  for  this  paper  one  of  the  balls  of  a  difierential 
thermoscope  (135)  be  substituted,  the  expansion  of  the  air  in  that 
bulb  will  afford  evidence  that  the  heat  as  well  as  the  light  is  re- 
flected. That  the  rays  take  the  course  described,  and  which  is 
represented  in  the  diagram,  and  that  they  do  not  act  upon  the 
instrument  by  direct  radiation^  is  shown  by  interposing  a  small 
tin-plate  screen  between  the  second  mirror  and  the  thermometer : 
in  this  case  the  liquid  immediately  becomes  stationary ;  while,  if 
the  screen  be  placed  between  the  instrument  and  the  candle,  no 
sensible  cflcct  is  produced. 

If,  instead  of  a  candle,  a  red-hot  ball  be  placed  in  the  focus  of 
the  first  mirror,  paper  may  be  scorched,  and  gunpowder  or  phos- 
phorus inflamed  in  the  focus  of  the  second.  Heat,  however,  is 
emitted  in  the  form  of  rays  from  bodies,  whether  such  bodies  be 
luminous  or  not.  A  canister  of  boiling  water  may  be  substituted 
for  the  caudle  or  the  red-hot  ball,  and  tlie  heat  which  it  emits, 
although  less  intense,  will  be  concentrated  by  the  opposite  mirror 
equally  well. 

('57)  Absorption  qf  Heat, — Difierent  substances  reflect  heat 
unequally.  Polished  metals  possess  the  power  of  reflection  in  the 
highest  degree,  but  even  the  metals  difier  considerably  in  reflecting 
power.  Melloni,  from  his  experiments,  has  concluded  that  of 
100  rays,  silver  reflects  90;  bright  lead  reflects  60;  whilst  glass 
reflects  but  10. 

By  scratching  the  surface  of  a  body  it  reflects  heat  irregularly^ 
in  the  same  way  that  a  sheet  of  white  paper  scatters  the  light 
which  it  reflects;  and  by  coating  the  surfece  more  or  less  com- 
pletely with  lamp-black,  the  amount  of  heat  which  is  reflected  may 
be  diminished  in  a  degree  proportioned  to  the  alteration  of  the 
surface.  In  this  case,  that  portion  of  the  heat  which  is  not  re- 
flected is  absorbed.     When  the  heat  is  all  reflected,  the  tem- 
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perature  of  the  body  remains  unaltered;  but  when  absorption 
takes  place^  the  temperature  rises  in  proportion  to  the  quantity 
of  heat  which  is  absorbed.  This  diflFerence  may  be  exhibited  by 
placing  a  lighted  taper  in  the  focus  of  one  of  the  mirrors^  and 
employing  in  the  second  focus  a  differential  thermoscope,  one  ball 
of  which  is  gilt,  and  the  other  ball  covered  with  lamp-black.  On 
placing  the  gilt  ball  in  the  focus,  scarcely  any  motion  of  the  liquid 
in  the  stem  is  perceived ;  but,  on  reversing  the  balls,  although  the 
amount  of  heat  which  falls  on  the  instrument  is  no  greater  than 
before,  the  liquid  descends  rapidly :  in  the  first  case,  the  heat  is 
for  the  most  part  reflected ;  in  the  second  it  is  absorbed,  and  the 
temperature  consequently  rises. 

A  similar  result  may  be  obtained  by  taking  two  bright  tin 
plates,  and  coating  one  surface  of  one  of  them  with  lamp-black. 
On  placing  them  in  a  vertical  position,  with  a  hot  iron  ball  mid- 
way between  the  two  plates  but  not  touching  either  of  them,  the 
blackened  surface  being  directed  towards  the  source  of  heat,  it  will 
be  found  that  the  blackened  plate  becomes  heated  by  absorption, 
while  the  other  remains  cool :  this  may  be  shown  by  causing  a 
cork  to  adhere  to  the  outer  surface  of  each  plate,  by  means  of  a 
little  wax  or  pomatum;  the  wax  will  melt  upon  the  blackened 
plate,  and  the  cork  will  fall  &om  it  much  sooner  than  from  the 
bright  one. 

The  power  of  reflection  seems  to  reside  almost  exclusively  in 
the  surface  of  the  body.  A  film  of  gold  leaf,  not  exceeding 
i  0  oV  o  (^  "ich  in  thickness,  answers  the  purpose  of  a  reflector  nearly 
as  well  as  a  mass  of  solid  gold ;  since  a  sheet  of  paper  partially 
gilt,  if  held  within  a  short  distance  of  a  mass  of  red-hot  metal, 
will  become  scorched,  excepting  in  those  points  which  are  pro- 
tected by  the  metallic  film.  The  absorbing  power  of  a  substance 
is  inversely  proportioned  to  its  power  of  reflecting  heat ;  the  best 
reflectors  are  the  worst  absorbents,  and  vice  versd.  As  is  the  case 
with  light,  so  it  is  found  with  radiant  heat,  that  the  greater  the 
angle  of  incidence  the  more  complete  is  the  reflection. 

(158)  Connexion  between  Absorption  and  Radiation. — ^The  ex- 
periments of  Leslie  have  proved  the  existence  of  an  important  con- 
nexion between  the  absorbing  and  the  radiating  powers  of  the  same 
substance ;  they  are  in  all  cases  directly  proportioned  to  each  other. 
The  great  diversity  of  radiating  power  possessed  by  different  sub- 
stances may  be  exemplified  by  the  following  experiments.  Let  a 
cubic  canister  of  tin  plate  have  one  of  its  sides  covered  with  lamp- 
black, and  a  second  side  with  writing-paper,  let  a  third  be  scratched 
in  various  directions,  and  let  the  fourth  remain  polished.     On 
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placing  the  canister,  filled  with  hot  water,  in  the  focus  of  one 
mirror,  and  a  thermoscope  in  the  focus  of  the  other,  it  will  be 
found,  on  presenting  each  side  in  succession  to  the  mirror,  that  a 
different  temperature  is  indicated.  The  heat  radiated  will  be  found 
to  be  greatest  from  the  lamp-black,  less  from  the  paper,  still  less 
from  the  scratched  face,  and  least  of  all  from  the  polished  surface. 
In  consequence  of  the  more  rapid  radiation  from  blackened  than 
from  polished  surfaces  of  the  same  metal,  a  given  quantity  of  a  hot 
liquid  placed  in  a  blackened  vessel  will  reach  the  temperature  of 
the  surrounding  air  sooner  than  if  it  be  placed  in  a  vessel  similar 
in  size  and  shape,  but  with  a  polished  surface. 

In  the  economical  applications  of  heat,  constant  scope  is  afforded 
for  the  employment  of  the  powers  of  reflection,  radiation,  and  ab- 
sorption. The  meat-screen  and  the  Dutch  oven,  when  kept  bright, 
afford  instances  of  the  application  of  the  reflection  of  heat  to  bene- 
ficial purposes,  in  directing  the  heat  upon  the  objects  between  them 
and  the  fire.  Tea  made  in  a  silver  teapot,  which,  owing  to  its 
polished  surface,  long  retains  its  high  temperature,  is  superior  in 
flavour  to  that  made  in  black  earthenware,  which  rapidly  loses  its 
heat  by  radiation.  Pipes  for  the  conveyance  of  steam  should  be 
kept  bright  until  they  reach  the  apartment  where  the  heat  is  to  be 
distributed,  and  there  the  surface  should  be  blackened,  in  order  to 
favour  the  process  of  radiation. 

(159)  Formation  of  Dew, — The  distribution  of  heat  by  radia- 
tion is  not  confined  to  bodies  highly  heated.  All  substances, 
whatever  be  their  temperature,  are  constantly  radiating  a  certain 
portion  of  heat,  the  amount  of  which  depends  upon  their  tempe- 
rature. If  the  bulb  of  a  thermometer  be  placed  in  the  focus  of  a 
parabolic  mirror,  which  is  turned  towards  a  perfectly  cloudless  sky, 
in  such  a  direction  that  the  sun's  rays  shall  not  fall  upon  the 
mirror,  the  temperature  will  sink  several  degrees ;  at  night,  fre- 
quently as  much  as  15°  or  18°.  The  thermometer,  like  all  other 
objects,  is  constantly  radiating  heat ;  the  mirror  cuts  it  off  from 
the  rays  proceeding  from  surrounding  objects,  and  the  portion  of 
space  towards  which  it  is  presented  not  returning  the  heat  radiated 
towards  it  from  the  instrument,  the  temperature  of  the  ther- 
mometer necessarily  falls.  A  similar  experiment  is  easily  made 
with  the  conjugate  mirrors.  If  in  the  focus  of  one  mirror,  a  cage 
filled  with  ice  (c,  fig.  122)  be  supported,  and  in  the  focus  of  the 
opposite  mirror,  the  bulb,  b,  of  the  differential  thermoscope,  which 
has  been  blackened  to  favour  radiation,  and  which  is  screened  from 
the  radiation  of  surrounding  objects  by  a  second  smaU  mirror, 
placed  as  at  a,  the  liquid  wiU^m  zise  in  the  stem  connected 
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with  the  blackened  bulb,  because  the  bulb  radiates  towards  the 
ice,  which  only  partially  returns  the  rays  that  it  receives ;  and 
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the  radiation  from  surrounding  bodies  upon  the  thermoscope  being 
prevented,  its  temperature  falls. 

The  principles  of  radiation  were  happily  applied  by  Wells  to 
the  explanation  of  the  phenomenon  of  dew.  Dew  is  formed  most 
copiously  during  a  calm,  clear  night  succeeding  a  hot  day :  it  is 
deposited  in  exposed  situations  and  upon  the  leaves  of  plants,  and 
on  filamentous  objects  in  general.  As  soon  as  the  sun  dips  below 
the  horizon,  and  in  shady  places  even  before  sunset,  radiation  from 
the  earth  is  no  longer  compensated  by  the  solar  rays ;  the  tempe- 
rature of  the  surface  is,  therefore,  speedily  reduced  below  that  of 
the  stratum  of  air  in  contact  with  it ;  this  stratum  being  charged 
with  moisture,  is  no  longer  able  to  support  so  much  vapour  in  the 
elastic  form,  but  deposits  it  (just  as  when  a  glass  of  cold  spring 
water  is  brought  into  a  warm  room,  it  becomes  bedewed  with 
moisture  on  its  outside) ;  and  the  force  of  cohesion  collects  the 
water  into  the  pearly  drops  that  stud  the  herbage  and  sparkle  in 
the  sloping  rays  of  the  sun.  On  cloudy  nights  little  or  no  dew  is 
deposited,  because  the  masses  of  suspended  vapour  intercept  the 
rays  from  the  earth,  and  return  them  to  its  surface.  Overhanging 
buildings,  or  the  projecting  branches  of  trees,  in  a  similar  way 
return  the  heat  to  the  objects  beneath  them,  and  prevent  the  re- 
duction of  temperature  which  necessarily  precedes  the  deposition 
of  dew.  On  windy  nights,  the  equilibrium  is  rapidly  restored  by 
the  contact  of  fresh  surfaces  of  air  with  the  radiating  crust  of  the 
earth,  and  little  or  no  dew  is  formed.  Upon  metallic  bodies, 
which  are  bad  radiators,  and  upon  the  hard-beaten  path  or  road, 
where  the  heat  is  conducted  rapidly  frt)m  the  strata  beneath, 
scarcely  any  dew  is  deposited ;  while  upon  the  branching  shrub, 
the  tufted  grass,  and  the  downy  leaf,  abundance  of  moisture  is 
collected,  these  being  precisely  the  objects  which  derive  most 
benefit  from  its  presence. 
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In  India^  near  the  town  of  Hoogly,  about  forty  miles  from 
Calcutta^  the  principle  of  radiation  is  applied  to  the  artificial  pro- 
duction of  ice.  Flat  shallow  excavations,  from  one  to  two  feet 
deep,  are  loosely  lined  with  rice  straw,  or  some  similar  bad  con- 
ductor of  heat,  and  upon  the  surface  of  this  layer  are  placed 
shallow  pans  of  porous  earthenware,  filled  with  water  to  the  depth 
of  one  or  two  inches.  Radiation  rapidly  reduces  the  temperature 
below  the  freezing  point,  and  ice  is  formed  in  thin  crusts,  which 
are  removed  as  they  are  produced,  and  stowed  away  in  suitable 
ice-houses  until  night,  when  the  ice  is  conveyed  in  boats  to  Cal- 
cutta. Winter  is  the  ice-making  season — viz.,  from  the  end  of 
November  to  the  middle  of  February.* 

The  Amdamental  fact  of  cooling  by  radiation  of  the  bodies  on 
which  dew  is  being  formed,  is  easily  verified.  If  a  thermometer 
be  laid  upon  a  grass-plat,  on  a  clear  night,  it  will  be  found  to 
indicate  a  temperature  several  degrees  below  that  shown  by  a 
second  thermometer,  suspended  two  feet  or  more  from  the  surface. 

(i6o)  Law  of  Cooling  by  Radiation. — ^The  rapidity  of  the 
cooling  of  any  body  by  radiation  depends  upon  the  excess  of  its 
temperature  over  that  of  the  external  air.  The  hotter  the  body, 
the  more  rapidly  does  it  cool ;  and  as  it  approaches  the  tempera- 
ture of  the  air,  the  more  slowly  does  it  lose  its  excess  of  heat. 

Newton  assumed  that  the  quantity  of  heat  lost  by  a  hot  body, 
for  equal  intervals  of  time,  was  proportioned  to  the  excess  of  its 
temperature  above  that  of  the  surrounding  air ;  so  that  if  a  body 
heated  to  ioo°  in  an  atmosphere  at  o°,  lose  lo®  in  one  minute, 
the  same  body  heated  to  50°  would  lose  5°  per  minute,  the 
air  being  also  at  o^.  Later  experiments,  however,  have  shown 
that  this  assumption  is  not  exact,  even  for  low  temperatures,  and 
that  it  becomes  very  inaccurate  at  high  ones. 

An  admirable  series  of  researches  upon  the  rate  of  cooling  by 


*  A  curious  formation  of  ice  at  the  bottom  of  some  rapid,  dear,  and  rocky 
streams  ia  occasionally  seen  under  the  influence  of  radiation,  during  the 

Srevalence  of  bright  m>8ty  weather.  Ice  thus  formed  is  termed  ground  ice. 
'he  water  oools  down  to  40°  as  usual*  but  below  this  point  the  colder  water 
no  lon^^er  forms  a  protecting  layer,  as  in  still  sheets  or  gentljr  movinf^  streams ; 
the  agitation  produced  by  the  passage  of  the  water  through  its  precipitous  and 
irregular  channel  makes  the  temperature  uniform  throughout,  till  it  arrives  at 
the  freezing  point.  Sadiation,  meantime,  proceeds  through  the  water  from 
the  weeds  and  rocky  frafs^ments  in  the  bed  of  the  stream :  these  become  now 
the  coldest  points ;  angularities  and  points  indeed,  under  all  circumstances, 
favour  the  deposition  of  crystals,  and  to  these  irregular  surfaces  the  ice 
attaches  itself  m  silvery,  cauliflower-shaped,  spongy  masses,  sometimes  accu- 
mulating in  quantity  sufficient  to  dam  up  the  stream,  and  cause  it  to  overflow ; 
at  others,  as  the  ii*e  increaaet.  in  bulk  and  buoyancy,  it  rises  in  large  flakes, 
raising  to  the  surfaM|0iiHM|Af  zook,  and  even  iron  itself. 
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radiation  was  made  hj  Dulong  and  Petit  {Ann.  de  Chimie,  II.  vii. 
337).  They  employed  a  hollow  sphere  of  thin  brass^  blackened  in 
the  interior,  and  Airnished  with  arrangements  for  exhausting  it 
of  air.  For  the  heated  body  they  used  a  thermometer  with  a 
large  bulb,  heated  to  a  determinate  degree,  and  supported  in  the 
centre  of  the  hollow  sphere.  They  then  placed  the  apparatus  in 
water  which  was  maintained  at  a  constant  temperature,  and  they 
observed  that  the  rate  of  cooling  differed  with  the  nature  of  the 
gaseous  medium  contained  in  the  globe.  K  the  temperature  of 
the  sphere  continued  constant  whilst  the  experiments  were  made 
in  vacuo  upon  the  heated  body  at  temperatures  ascending  according 
to  the  terms  of  an  arithmetical  progression,  the  rapidity  of  cooling 
increased  according  to  the  terms  of  a  geometric  progression,  dimi- 
nished by  a  constant  quantity ;  this  constant  quantity  being  the 
heat  radiated  back  upon  the  cooling  body,  firom  the  inner  surface 
of  the  sphere.  If  the  temperature  of  the  sphere  and  that  of  the 
heated  body  were  both  raised  according  to  the  terms  of  an  arith- 
metical progression,  so  that  the  difference  between  the  two  was 
always  constant,  it  was  found  that  the  rate  of  cooling  increased 
as  the  temperature  rose,  according  to  the  terms  of  a  geometric 
progression. 

(161)  Relative  Absorbability  of  Different  Kinds  of  Heat, — ^The 
transmission  of  radiant  heat  takes  place  more  freely  in  vacuo  than  in 
air.  It  is  calculated  that  the  solar  rays,  in  traversing  a  column  of  air 
6000  feet  high,  are  deprived  of  one-fifth  of  their  heat  in  consequence 
of  the  imperfect  transparency  of  the  air  (Forbes).  The  absorption  of 
heat  is,  however,  influenced  by  an  important  cause,  to  which  no 
allusion  has  yet  been  made,  and  which  was  first  placed  in  its  true 
light  by  the  experiments  of  Melloni.  It  may  be  illustrated  in  the 
following  manner : — 

If  a  number  of  sources  of  heat  be  employed,  each  different  in 
kind  and  in  intensity, — such  as  the  naked  flame  of  an  oil  lamp,  a 
platinum  wire  heated  to  redness  in  the  flame  of  a  spirit  lamp,  a 
sheet  of  copper  heated  to  between  700°  and  800®  in  a  current  of 
heated  air  which  is  rising  from  a  lamp  placed  beneath  it,  and  a 
copper  canister  filled  with  boiling  water, — the  ball  of  a  thermoscope 
covered  with  lamp-black  may  be  placed  at  such  a  distance  from  each 
of  these  sources  of  heat  that  the  liquid  shall  stand  in  each  case  at 
the  same  point ;  that  is,  the  temperature  to  which  the  thermoscope 
is  exposed  shall  be  equal  in  each  case.  Now,  if  these  distances  be 
noted,  and  if  the  ball  of  the  thermoscope  be  covered  with  a  variety 
of  other  substances  in  succession,  instead  of  with  lamp-black,  the 
thermoscope  when  exposed  to  each  of  the  different  sources  of  heat 
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in  succession^  wiU  appear  to  receive  diflferent  proportions  of  heat, 
although  placed  at  the  distances  at  which,  when  it  was  coated  with 
lamp-black,  the  heat  appeared  to  be  equal.  Thus,  suppose  that  the 
heat  absorbed,  when  the  lamp-black  was  used,  in  each  case  were 
equal  to  loo :  if  the  thermoscope  were  coated  with  white  lead,  it 
was  found  that,  at  the  same  distance  from  the  naked  flame  as 
before,  it  indicated  a  heat  of  only  53 ;  opposite  to  the  red-hot 
platinum  the  heat  was  56,  instead  of  100  as  with  the  lamp-black  : 
with  the  copper  at  750°,  a  heat  of  89  instead  of  10c  was  indicated ; 
while  opposite  the  canister  of  boiling  water  the  thermoscope  showed 
a  heat  of  100,  corresponding  exactly  with  the  effect  upon  it  when 
lamp-black  was  used. 

The  following  table  exhibits  some  of  the  results  which  Melloni 
obtained  by  operating  in  this  way : — 

Relative  Absorbability  of  Different  Kinds  of  Heat. 


AlMorbing  Surface. 

Naked 
Flame. 

Incandes- 
cent 
Platinnm. 

Copper  at 
750°  F. 

Copper  at 
aia°F. 

Lamp-black 

White  Lead 

Isinglass       

Indian  Ink 

Shell  TiHc     

Polished  Metal    

100 

53 

96 

43 
14 

200 
56 
54 
95 
47 
i3'5 

100 

84 

87 
70 

13 

100 
100 

85 
72 

13 

Lamp-black  appears  to  absorb  all  the  rays  that  fall  upon  it, 
from  whatever  source  they  may  have  originated ;  and  the  amount 
absorbed  by  metallic  surfeces,  although  smaller,  is  nearly  uniform, 
whatever  be  the  source.  It  has  also  been  observed,  that  the  less 
intense  the  source  of  heat,  the  greater  usually  is  the  proportion 
absorbed. 

Franklin,  nearly  a  century  ago,  made  the  observation  that  solar 
heat  is  absorbed  with  greater  or  less  facility  according  to  the  colour 
of  the  object  upon  which  the  rays  fall,  but  that  little  or  no  such 
difference  exists  with  the  heat  of  a  lamp  or  of  a  candle.  He  took 
pieces  of  cloth,  similar  in  texture  and  size,  but  different  in  colour, 
and  placed  them  in  the  sunlight,  upon  newly-fallen  snow,  and  he 
found  that  the  snow  melted  under  the  pieces  of  cloth  with  greater 
rapidity  the  darker  the  tint — the  absorption  being  greatest  with 
the  piece  of  black  cloth,  then  followed  the  blue,  then  the  green, 
purple,  red,  yellow,  and  white  pieces,  in  the  order  enumerated. 

(162)  TVansmission  of  Heat  through  Screens. — The  cause  of 
these  remarkable  difflerences  will  be  best  understood  by  a  consider- 
ation of  the  phenomena  attending  the  transmission  of  heat  through 
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bodies  which  allow  it  to  pass  unobstructed^  as  glass  allows  light  to 
pass.  Melloui  terms  those  bodies  which  thus  transmit  heat  diather^ 
manous,  or  diathermic  (fix)m  Scd,  through,  and  Oepfiog,  hot) — those 
which  do  not  aUow  this  transmission  of  heat  being  termed  ather^ 
manous  or  adiathermic. 

Bodies  that  are  transparent  to  light  are  by  no  means  equally 
so  to  radiant  heat.  This  arises  from  two  causes,  which  require  to 
be  carefully  distinguished  from  each  other,  and  which  may  be  sepa- 
rately illustrated  by  a  paraUel  action  on  the  rays  of  light.  A  glass 
containing  pure  water  absorbs  very  little  light,  and  transmits 
almost  all  that  it  does  not  reflect :  if  the  attempt  be  made  to 
measure  its  transparency  by  ascertaining  the  distance  at  which  a  page 
printed  in  small  type  is  legible  when  the  vessel  of  water  is  interposed, 
and  afterwards,  when  it  is  removed,  the  difference  in  the  two  cases  is 
hardly  appreciable.  If  a  few  drops  of  a  mixture  of  Indian  ink  and 
water  be  added,  the  transparency  will  be  diminished,  and  the  cha- 
racters will  be  legible  at  a  smaller  distance ;  a  further  addition  of 
ink  will  diminish  the  transparency  more  and  more,  until  the  letters 
can  be  no  longer  discerned.  The  light  that  is  transmitted,  how- 
ever, although  diminished  in  quantity,  possesses  the  same  character 
as  the  incident  light  3  and  a  prismatic  analysis  shows  that  both  con- 
sist of  the  same  colours  in  the  same  proportion :  if  in  this  experi- 
^ment  indigo  be  substituted  for  Indian  ink,  the  legibility  of  the 
page  is  diminished  to  an  extent  nearly  equal ;  but  the  prism  shows 
that  certain  of  the  rays  have  been  absorbed  more  completely  than 
others.  Similar  effects  are  produced  with  the  rays  of  heat.  There 
are,  however,  a  number  of  substances  which  are  almost  perfectly 
transparent  to  light — ^viz.,  among  solids,  glass,  diamond,  Iceland 
spar,  ice,  and  a  great  number  of  crystals ;  amongst  liquids,  water, 
spirit  of  wine,  ether,  turpentine,  and  a  multitude  of  other  bodies ; 
and  among  aeriform  bodies,  atmospheric  air,  and  the  greater 
number  of  gases.  For  heat,  on  the  contrary,  there  is  only  one 
known  solid  that  approaches  perfect  diathermacy,  and  that  is  rock 
salt ',  many  colourless  gases  possess  the  property  also  in  a  still  higher 
degree ;  but  no  liquid  has  yet  been  discovered  which  is  free  from 
absorptive  action  on  the  thermic  rays. 

The  more  important  parts  of  the  apparatus  employed  by  Mel- 
loni  in  these  researches  are  represented  in  fig.  123.  One  of  his 
four  principal  sources  of  heat — viz.,  naked  flame,  ignited  platinum, 
blackened  copper  heated  to  750°,  or  copper  heated  to  212°,  was 
placed  as  at  m,  on  a  moveable  support,  behind  the  perforated 
screen,  n;  the  rays  being  concentrated,  when  necessary,  by  the  con- 
cave mirror,  m  :  they  were  received  at  a  suitable  distance  from  this 
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upon  the  thermoscope  or  thenno-multiplier,  t.*    If  a  double  screen, 
8,  of  polished  copper  were  interposed  between  the  source  of  heat  and 


the  thermoscope,  the  rays  of  heat  were  entirely  intercepted.  Having 
placed  the  thermoscope  at  such  a  distance  as  always  to  indicate, 
when  the  copper  screens  were  removed,  a  constant  given  elevation  of 
temperature,  a  plate  of  some  substance,  the  diathermacy  of  wliich 
was  to  be  ascertained,  was  then  introduced  at  f  ;  and  on  observing 
the  difference  of  temperature,  as  marked  by  the  instrument,  the  pro- 
portion of  heat  which  the  plate  transmitted  was  at  once  ascertained. 
In  this  manner  Melloni  found  that  plates  of  rock  salt  of  great 
transparency,  varying  in  thickness  from  one-twelfth  of  an  inch  to* 
3  or  3  inches  in  thickness,  transmitted  92  out  of  every  100  raya 
incident  upon  them,  whatever  were  the  source  of  heat  employed ; 
the  loss  of  8  per  cent,  being  mainly  due  to  a  uniform  quantity 
which  is  reflected  at  the  two  surfaces  of  the  plate ;  rock  salt, 
therefore,  is  to  heat  what  pure  colourless  glass  is  to  light.  The 
following  experiment  shows  the  independence  of  diathermacy  and 
transparency ; — If  a  cast-iron  ball  heated  to  about  400°  be  placed 
midway  between  the  blackened  bulbs  of  a  thermoscope,  each  bulb 
will  receive  an  equal  amount  of  heat,  and  the  liquid  will  remain 
stationary ;  but  if  a  plate  of  rock  salt  be  interposed  between  the 
iron  and  one  of  the  bulbs,  and  a  plate  of  glass  of  equal  thickness 
be  placed  between  the  hot  bail  and  the  other  bidb,  it  will  be  found 
that  although  both  plates  are  almost  equally  transparent  to  light, 
yet  the  bulb  next  the  rock  salt  will  rise  in  temperature  much  more 
rapidly  than  the  one  next  the  glass.  In  liquids,  the  independence 
of  transparency  and  diathermacy  is  still  more  striking.  Thus,  out 
of  100  rays  that  fell  from  an  argand  lamp,  on  each  of  four  liquids 


*  In  these  inquiriei  a  peculiar  and  very  delicate  thermometrio  apparatus, 
termed  a  tAer»o-aiaUiflier  (317),  was  generally  employed. 
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equally  transparent — viz.,  water,  sulphuric  acid,  ether,  and  oil  of 
turpentine,  water  transmitted  only  ii,  sulphuric  acid  17,  ether  21, 
and  oil  of  turpentine  31 ;  while  chloride  of  sulphur,  which  is  of  a 
reddish  colour,  allowed  63  of  the  incident  rays  to  pass. 

The  following  table  includes  some  of  the  results  obtained  by 
Melloui,  for  several  solid  bodies:  in  these  experiments  plates  of 
equal  thickness  were  used  in  each  case. 

Diathermacy  of  different  Solids. 


Eftch  plftte  waa  o'loa  inch  thick. 


•••      ••• 


• • •      ••• 


Eock  Salt  (limpid) 

Sicilian  Salphur  (yellow)  ... 

Flaor  Spar  (limpid)     

Bock  Salt  (cloudy) 
Beryl  ^^reenish  yellow) 
Icelana  Spar  (limpid)... 
Plate  GlaM  ... 
Quartz  (limpid)  ... 
Quartz  (smoky)  ... 
White  Topaz 
Sulphate  of  Barium 
Tourmaline  (dark  green)   ... 
Citric  Acid 

^>>*UU1  ■*•  ...  ...  .••  a*. 

Sugar-Candy  (limpid) 

Ice... 


... 
••• 
••• 
.  •  • 


••*  ••*  ... 


•  • «  .  •  * 


•• t  ... 


•••  •••  ..• 


•••  ••• 


... 
••• 
*•  • 
•.. 

••• 
.*• 
•  •  • 


...  ... 


.*.  ... 


Naked 

Flame. 

Ignited 
Platinum. 

Copper 
7So^  F. 

• 

a^??r 

92-3 

923 

93-3 

933 

74 

v 

60 

54 

72 

69 

43 

n 

65 
40 

65 

65 

38 

34 

30 

39 

28 

6 

0 

39 

34 

6 

0 

38 

38 

6 

3 

37 

28 

6 

3 

33 

.34 

4 

0 

34 

18 

3 

0 

18 

16 

3 

0 

II 

a 

0 

0 

I 

2 

0 

0 

I 

0 

0 

6 

05 

0 

0 

Diathermacy  of  Liquids  contained  in  Glass — stratum  of  liquid  0*362 
inch.  The  source  of  heat  in  each  case  was  an  argand  oil  lamp^ 

Ether 

.H^  WU  VA  ...  ...  ...  ... 


Bisulphide  of  Carbon  (colourless)  63 

Chloride  of  Sulphur  (red  brown)  63 

Terchloride  of  Phosphorus 62 

Essence  of  Turpentine       31 

Colza  Oil  (yellow)      30 

Olive  Oil  (greenish)    30 


Sulphuric  Acid  (colourless) 
Do.  (brown)... 

Nitric  Acid      

Alcohol 

Distilled  Water      


31 

17 

17 

15 

15 
II 


(163)  Diathermacy  of  Gases  and  Vapours. — The  experiments 
of  Knoblauch  have  shown  that  even  metallic  bodies  in  very  thin 
films  are  diathermic^  presenting  in  this  respect  an  analogy  with 
their  limited  transparency  to  light  in  films  of  similar  tenuity. 
Gold  and  silver  transmit  certain  of  the  rays  of  heat  more  freely 
than  others^  whilst  platinum  appears  to  transmit  all  the  rays  with 
nearly  equal  facility.  On  the  other  hand^  Tyndall  has  found  that 
the  gases  exert  different  degrees  of  absorptive  action  on  the  rays 
of  heat^  and  even  when  colourless  that  this  effect  is  strongly 
marked.  Coal  gas^  for  example,  exerts  a  much  stronger  absorptive 
effect  than  atmospheric  air,  and  the  vapour  of  ether  considerably 
more  than  that  of  the  bisulphide  of  carbon«     Bays  of  certain 
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d^rees  of  refirangibility  also  are  more  powerfully  absorbed  by  tbe 
colourless  gases  than  others.  For  example^  coal  gas  arrests  the 
lieat-rays  from  a  source  below  a  visible  red  heat^  much  more 
perfectly  than  it  absorbs  the  rays  of  the  lime  light  after  they 
have  traversed  a  thin  layer  of  water.* 

The  following  table  is  given  by  Tyndall  as  representing  the 
relative  absorptive  power  for  heat  emanating  from  a  source  at 
212^,  of  various  gases  at  the  normal  pressure  of  30  inches  of 
mercury,  when  a  column  of  the  gas^  4  feet  in  length,  was  sub- 
jected to  experiment : — 


••*    ••• 


.••    ••  • 


•••    •••    ••• 


Air 

Oxygen 

Nitrogen 

Hydrogen  ... 

Chlorine 

Hydrochloric  Acid 

Carbonic  Oxide... 


...     .*• 


...    ... 


...     ...     .••     ... 


...     ... 


•• .     ... 


I 
I 
I 
I 

9 
90 


...     •••     ... 


. • •     ... 


Carbonic  Acid... 
Nitrous  Oxide... 
Salphuretted  Hydrogen 
Marsh  Gas 
Sulphurous  Anhydride ... 
defiant  G^as 
Ammonia... 


.*•     • .* 


...     *  •  • 


••*     *• .     ...     ... 


90 

3.55 
390 

403 
710 

970 
"95 


The  absorptive  power  of  many  vapours  for  rays  of  obscure  heat 
is  still  more  remarkable ;  the  table  on  the  opposite  page  showing 
a  few  of  Tyndairs  results  at  low  tensions^  compared  with  that  of 
air  at  the  normal  pressure^  which  is  as  before  taken  as  1. 

The  absorbent  action  of  the  perfumes  of  many  flowers  for 
these  obscure  rays  was  also  shown  to  be  singularly  high.  A  few 
drops  of  an  essential  oil  placed  in  a  tube,  and  exposed  to  a  current 
of  dry  air,  gave  a  scented  atmosphere  of  which  the  absorptive 
power  varied  greatly ;  that  of  patchouli  being  30,  that  of  lavender 
60^  that  of  cassia  109,  while  that  of  aniseed  was  as  high  as  572  ;  so 
that  the  perfrime  proceeding  from  a  flower-bed  absorbs  a  large  pro* 
portion  of  the  radiant  heat  of  low  refrangibility  incident  upon  it. 


*.  In  conducting  these  experiments,  an  arrangement  of  apparatus  was 
iJtimately  adppted  by  Tyndall,  the  principle  of  which  will  he  understood 
from  the  following  description: — The  gases  which  were  to  be  submitted 
to  experiment  were  plaoea  in  a  brass  tube  four  feet  long,  and  polished 
in  the  interior;  but  for  particular  gases  a  glass  tube  was  substituted.  In 
either  case  it  was  closed  air-tight  at  each  end  by  a  polished  plate  of  rock 
idt,  and  was  oonnected  with  an  air-pumn,  so  that  at  pleasure  it  might  be 
used  when  exhausted  of  air,  or  when  fillea  with  different  gases  in  succession. 
The  source  of  heat  employed  in  most  cases  was  a  cube  of  copper  filled  with 
water,  which  was  kept  ooiling.  The  face  of  the  cube  was  turned  towards  the 
tube  for  experiment,  and  was  coated  with  lamp-black.  At  the  other  end  of 
the  brass  tube,  a  thermo-electric  pile  (317)  was  placed;  one  faoe  of  the  pile 
was  directed  towards  the  tube  which  contained  tne  gas  under  trial,  whilst  the 
other  end  was  directed  towards  a  second  cube  also  containing  boiling  water. 
The  thermo-electrio  pile  was  connected  with  a  very  sensitive  galvanometer. 
The  experiment  commenced  by  exhausting  the  long  tube  of  air,  and  then 
adjusting  the  distance  of  the  second  cube  of  boiling  water,  interposing  or 
withdrawing  a  screen  until  the  amount  of  heat  which  fell  upon  the  two  sur- 
flioes  of  the  thermo-electric  pUe  was  exaoUy  e<{ual,  which  was  indicated  by 
ttuB  needle  of  the  gahanometer  standing  precisely  at  aero.     The  gas  for 
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**    •     *                     ---..*.  Ji 

Tendon  of  Yftponr. 

Sabstenoa  Ti^porised« 

~^ 

o'x  inch. 

0*5  inch. 

I'D  inch. 

Bromine       

I 

•  •  • 

6 

Bisulphide  of  Carbon 

15 

47 

62 

Iodide  of  Methyl 

Beneol 

II 

\tl 

242 
267 

Chloroform 

85 

182 

236 

Methylio  Alcohol       

Iodide  of  Ethyl 

'P 

390 
290 

590 
390 

Amylene      

182 

535 

823 

iS'ther ..,     ... 

300 

710 

870 

Alcohol 

325 

022 

Formic  Ether      

480 

870 

1075 

Acetic  Ether       

590 

980 

"95 

Propionic  Ether 

596 
620 

970 

Boracic  Ether*    

The  experiments  of  Tyndall  appear  ako  to  have  completely 
established  the  fact  that  aqueous  vapour  has  a  powerftil  absorbent 
action  upon  heat  of  low  refrangibility^  although  Magnus  has 
arrived  at  a  different  conclusion.  The  cause  of  this  difference  is, 
however,  satis&ctorily  explained  by  Tyndall.  {Phil.  Trans, ,  186  a, 
p.  86.) 

It  must  not  be  forgotten  that  hitherto  Tyndall's  experi- 
ments upon  the  various  gases  and  vapours  have  been  confined  for 
the  most  part  to  radiant  heat  of  low  refrangibility.  No  doubt 
other  and  very  different  results  will  be  ftimished  when  heat  of 
high  refrangibility  is  made  the  subject  of  inquiry. 

The  radiation  of  heat  by  gases  has  also  been  clearly  established 
by  the  experiments  of  Tyndall,  and  conformably  with  what  we 
know  of  radiation  and  absorption  in  solids,  he  has  proved  that 
amongst  gases  the  most  powerful  absorbents  are  likewise  the  best 
radiators. 

(164)  Influence  of  Structure  on  Diathermacy. — It  by  no  means 
necessarily  follows  that  a  body  which  is  transparent  to  light  is 
also  able  to  allow  the  passage  of  heat,  and  vice  versd ;  sulphate 
of  copper,  which  permits  the  passage  of  blue  light  abundantly, 
arrests  the  rays  of  heat  entirely.  Again,  the  opaque  black  glass, 
used  for  the  construction  of  polarizing  mirrors,  transmits  a  con« 


examination  was  then  admitted  into  the  tube  after  carefully  drying^  it ;  nnder 
these  circamstances,  if  the  gas  thus  admitted  were  capable  of  absorbing  evea 
an  exceedingly  small  portion  of  radiant  heat,  the  equilibrium  of  the  galva- 
nometer was  destroyed,  and  the  needle  was  deflected  to  an  extent  varying 
with  the  amount  of  neat  arrested  during  its  passage  throiif{h  the  gas. 

*  The  results  obtained  by  Tyndall  on  diluting  boracic  ether  with  air  are 
so  singular  and  anomalous  that  tnere  is  reason  to  suspect  some  undiscovered 
aooroe-of  error,  boracic  ether  being  a  substance  easily  liable  todeoompOBitiolu 
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siderable  portion   of  the  thermic  rays.     Smoked  rock  salt  and 
black  mica  also  exhibit  the  same  power. 

Mechanical  arrangement  appears  to  have  even  more  influence 
upon  diathermacy  than  chemical  composition.  Common  table 
salt  is  perfectly  adiathermic.  A  solution  of  rock  salt  is  scarcely 
superior  to  pure  water  in  diathermacy,  and  a  solution  of  alum  is 
equally  diathermic  with  a  solution  o(  rock  salt.  This  is  perfectly 
consistent  with  the  effect  which  alteration  of  structure  produces 
on  the  action  of  bodies  on  light.  Common  loaf-sugar  is  opaque 
and  of  dazzling  whiteness,  but  pure  sugar-candy  (the  same  body 
only  in  larger  crystals)  is  colourless  aiid  transparent :  the  most 
transparent  glass,  by  pulverization,  may  be  reduced  to  a  white 
opaque  powder. 

As  already  mentioned,  pure  colourless  rock  salt  is  the  only 
aolid  substance  the  diathermacy  of  which  approaches  perfection  ; 
and  even  rock  salt,  according  to  the  researches  of  Knoblauch^ 
absorbs  certaiu  of  the  rays  of  heat,  somewhat  more  freely  than 
others.  All  other  bodies  upon  which  Melloni  has  made  experi- 
ments, transmit  a  quantity  of  heat  which  varies  with  the  nature 
of  the  source,  from  a  second  cause,  which  has  been  termed  thermO' 
chrosis,  or  calorific  tint,  which  is  analogous  to  a  diflTerence  in 
colour  for  objects  transparent  to  light;  to  this  cause  must  be 
attributed  the  remarkable  differences  in  the  amount  of  absorption 
(i6i),  according  jto  tljiQ  source  from  which  the  heat  emanates. 
Before  quitting  tjbis  subject,  it  may  be  observed  that  B.  Stewart 
{Proceed,  Roy,  Soc.  x.  389)  has  shown  that  highly  diathermic  bodies 
are  bad  radiators,  while  adiathermic  bodies  are  good  radiators. 

(165)  Refraction. — Radiant  heat,  like  light,  is  susceptible  of 
refraction ;  a  large  convex  lens,  placed  in  the  sun's  rays,  not  only 
gives  a  focus  of  intense  light,  but,  as  is  well-known,  constitutes  a 
powerful  burning-glass.  Inflammable  objects  are  easily  ignited  by 
this  means,  and  the  focus  of  heat  is  found  to  correspond  nearly  with 
that  of  the  greatest  light.  Further,  if  a  solar  beam  be  subjected 
to  the  action  of  a  prism  of  transparent  rock  salt,  and  the  coloured 
spectrum  so  obtained  be  examined  by  means  of  a  small  but  sensi- 
tive thermometer,  it  is  found  that  the  rays  of  heat,  like  those  of 
light,  possess  unequal  degrees  of  refrangibility ;  hence,  the  rays  of 
heat  arc  not  a)l  accumulated  in  one  spot,  but  are  distributed  over 
tlic  entire  sjHH^trum.  There  arc,  in  fact,  differences  in  the  rays  of 
heat  corrc«j)onding  to  those  of  colour  in  the  rays  of  light.  The 
greater  ^K)rtion  of  the  rays  of  solar  heat  are  even  less  refrangible 
than  the  red  rays,  ibr  the  maximum  of  temperature  in  the  solar 
spectrum  is  found  at  a  distance  below  the  extreme  red  rays  as 
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great  as  the  brightest  yellow  is  above  them.  By  the  employ- 
ment of  diflFercnt  sources  of  light,  spectra  are  obtained  in  which 
the  intensity  of  the  light  varies  in  diflTerent  parts,  according  to  the 
prevailing  colour  of  the  luminous  rays, — the  yellow  light  of  common 
salt  giving  a  spectrum  most  intense  in  the  yellow  rays,  and  the  red 
light  of  nitrate  of  strontium  giving  a  spectrum  in  which  the  red  rays 
possess  the  greatest  intensity.  In  the  same  manner,  by  varying 
the  source  of  heat  which  is  employed,  the  position  of  maximum 
temperature  in  the  refracted  beam  is  found  to  vary :  the  lesd 
intense  the  source  of  heat,  the  smaller  is  the  refrangibility  of  the 
heat  radiated.  The  flame  of  a  naked  lamp,  for  example,  emits 
rays  of  heat  of  all  degrees  of  refrangibility,  its  maximum  of 
intensity  being  about  the  middle  of  the  spectrum ;  from  the 
ignited  platinum,  the  maximum  of  heat  falls  nearer  to  the  red; 
from  copper  at  750°  nearer  still ;  and  the  heat  radiated  fit)m  a 
surface  at  212°  contains  scarcely  any  of  the  more  refrangible  rays. 
Now  it  is  obvious,  that  a  mixed  pencil  of  heat,  if  it  fialls  upon  & 
diathermic  medium  which  absorbs  certain  of  the  rays  of  heat  and 
not  others,  will  be  altered  in  a  manner  similar  to  that  in  which  a 
ray  of  light  is  affected  in  traversing  a  coloured  glass. 

With  a  knowledge  of  these  facts,  there  i&  no  difficulty  in 
understanding  how  it  is  that  the  sun's  rays  can  traverse  a  plate  of 
glass  and  experience  but  little  absorption,  and  can  be  brought  to  a 
point  by  a  convex  lens,  or  by  a  glass  concave  mirror,  either  of  which 
remains  cool  while  intense  heat  is  developed  at  its  focu»;  whereas, 
if  the  same  lens  or  concave  mirror  be  held  oppoAte  to  a  common 
fire,  a  bright  spot  of  light  will  be  obtained  at  the  focus,  but  little 
or  no  heat ;  whilst  the  glass  of  which  the  lens  or  mirror  is  com- 
posed will  become  strongly  heated.  The  rays  which  glass  transmits 
most  readily  are  those  which  abound  in  solar  light,  but  these  are 
precisely  the  rays  which  are  least  abundant  in  incandescent  bodies. 
Advantage  has  long  been  taken  of  this  fact  by  those  who  have  occa- 
sion to  inspect  the  progress  of  operations  carried  on  in  ftirnaces ; 
they  are  able  by  the  use  of  a  glass  screen  to  protect  the  face  from 
the  scorching  rays  which  the  glass  absorbs,  although  it  offers  no 
impediment  to  the  transmission  of  light. 

This  absorption  of  radiant  heat  by  glass  is  easily  demonstrated 
by  placing  a  canister  of  hot  water  in  the  focus  of  one  of  the  con- 
jugate mirrors  (fig,  j  22)  and  a  thermoscope  in  the  focus  of  the 
other :  the  air  in  the  acting  ball  of  this  instrument  ceases  to  expand 
the  instant  that  a  glass  screen  is  interposed  anywhere  between  the 
two  mirrors,  in  which  case  the  glass  absorbs  the  rays,  and  becomes 
heated  itsel£ 
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{166)  Separaiion  of  Radiant  Heat  from  light. — ^A  conuden- 
tion  of  the  preceding  facts  led  Melloni  to  the  discoYery  that  by  & 
combination  of  screens  which  allow  light  of  a  given  oolonr  to 
pass^  radiant  heat  may  be  arrested ;  and  thus  a  separaticMi  of  the 
two  forces  may  be  effected.  By  transmitting  the  solar  rays^  fint 
through  a  glass  vessel  filled  with  water^  which  arresta  the  less  re* 
frangible  rays,  and  then  through  a  plate  of  a  peculiar  green  g^an 
tinged  by  means  of  oxide  of  copper,  which  stops  the  more  re> 
frangible  rays,  a  greenish  beam  was  obtained,  which  waa  ocmoen^ 
trated  by  lenses,  and  fiimished  a  greenish  light  of  great  intensity, 
but  yet  produced  no  perceptible  heating  action  when  it  was  allowed 
to  fall  upon  the  face  of  a  sensitive  thermoscope.  A  similar  sepa- 
ration of  light  and  heat  is  effected  in  nature,  in  the  light  reflected 
by  the  moon.  Melloni  concentrated  the  rays  of  the  moon  by 
means  of  an  excellent  lens  of  40  inches  in  diameter^  and  obtained 
a  brilliant  focus  of  light  of  0*4  inch  in  diameter,  the  intensity  of 
which  consequently  was  ic,ooo  times  greater  than  that  of  the 
diffused  light  of  the  moon ;  upon  directing  this  focus  of  light  npcm 
the  face  of  a  very  sensitive  thermo-multiplier,  only  an  extremely 
feeble  indication  of  heat  was  obtained."*^ — (Melloni,  Thermockroief 
Part  I.  note,  p.  251.) 

The  foregoing  obsen-ations  show  that  in  the  analysis  of  radiant 
heat,  prisms  and  lenses  of  glass  should  not  be  used,  since  they 
lead  to  results  as  incorrect  as  those  which  would  be  furnished  by 
studying  the  phenomena  of  light  by  means  of  coloured  prisms  and 
lenses.  Kock  salt  fiirnishes  the  onlv  known  material  of  which 
such  apparatus  can  properly  be  constructed,  and  by  its  means, 
rays  pntceeding  even  from  the  human  body  may  readily  be  oon» 
centrated  and  made  to  act  upon  a  thermoscope.  These  researches 
of  Melloni  explain  the  cause  of  the  contradictory  results  obtained 
in  the  eariier  experiments  on  the  refraction  of  heat. 

*  It  OQ^ht,  hoverer.  to  be  ftited,  that  influenced  by  tbcoretieal  eoosidcfm- 
tioas.  Meliool.  is  oppccition  to  tb««e  experiment*  and  to  his  earlier  opimcwi» 
msiatained.  dnnng  tae  Utter  yenn  of  hi*  life,  the  identity  of  Ike  aaent  that 
pioduces  light  an«l  heat.  TraM  ci  heat,  be  mt*.  an?  found  in  erciy  IvmiDOiii 
TCT ;  be  ffuppoaea  that  tbe  riva  of  beat  may  li«f  inrinble.  just  as  the  dmnieal 
raya  beTona  tbe  riolet  end  ot  tbe  spertnui  an?  iaruible.  beeanae  tbe  slraeture 
of'tbe  Tvtina  is  not  tosci^pcible  of  andolations  tbe  frequeocr  of  wbidi  exceeds 
cr  &lk  abort  of  a  certain  amovni.  No  doubt  tbetv  exists  an  arerage  limit  to 
tbe  nyver  of  tbe  retina  to  rcceiTe  hmiaoaa  impieaaiotts  from  solar  mdiatioas; 
tbe  Vcondarr  between  U<bt  and  darineaa  being  almost  imperreodble.  la 
certain  iadiTidaab  tbe  nrtznn  is  insensible  to  tbe  extxvme  rays  at  the  red  end 
ef  the  sfectraai»  vbieb  are  pUinly  diacemed  bj  others^  *  A  patallel  cats 
oecvs  in  the  aadibtair  of  wmait :  in  some  indiTidaab  the  car  is  anable  to 
peneiie  nocea  xa  vkfecbl  as  in  the  chirp  <)(  a  cricket,  tbe  Tibfatkma  exceed  a 
certain  nsmber  per  second,  tho«gb  soch  wmait  aie  dadnetly  aadibis  U>  ths 
■aitiKisj  of 
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In  all  experiments  on  radiated  heat  it  has  been  observed  that 
heat  when  once  absorbed,  whatever  may  have  been  its  original 
source,  acts  in  the  same  manner  in  producing  expansion ;  and  whea 
radiated  again  it  does  not  retain  the  peculiarities  of  the  source 
from  which  it  originated :  the  refrangibUity  of  the  re-radiated  heat 
depends  solely  upon  the  temperature  of  the  surface  which  emits  it 
a  second  time ;  so  that  it  is  immaterial  whether  it  were  originally 
derived  from  the  sun,  from  a  lamp  flame,  from  ignited  platinumj 
or  from  non-luminous  bodies ;  although  it  is  weU  known  that  the 
refrangibility  decreases  with  the  temperature  of  the  source  from 
which  it  is  derived.  This  alteration  in  the  refrangibility  of  radiant 
heat  corresponds  with  the  discovery  made  by  Stokes  of  a  similar 
degradation  of  refrangibility  in  light  (i  lo).  Heat  of  low  refrangi* 
bUity  may,  however,  be  converted  into  that  of  higher  refrangibi- 
lity :  for  example,  a  jet  of  mixed  oxygen  and  hydrogen  gases 
furnishes  a  heat  nearly  as  intense  as  any  which  art  can  command, 
yet  it  does  not  emit  rays  which  have  the  power  of  traversing  glass 
in  any  considerable  quantity,  even  though  a  lens  be  employed  for 
their  concentration.  Upon  introducing  a  cylinder  of  lime  into  the 
jet  of  the  burning  gases,  though  the  amount  of  heat  is  not  thus 
increased,  the  light  becomes  too  bright  for  the  unprotected  eye  to 
endure,  and  the  thermic  rays  acquire  the  property  of  traversing 
glass,  as  is  shown  by  their  action  upon  a  thermometer,  the  bulb 
of  which  is  placed  in  the  focus  of  the  lens. 

(167)  By  the  employment  of  tourmalines,  and  by  transmission 
through  bundles  of  mica  placed  at  suitable  obliquities  to  the  inci- 
dent ray,  it  has  been  further  proved  that  radiant  heat  is  also  sus^ 
ceptible  of  polarization;  since  the  rays  are  reflected  and  transt 
mitted  alternately,  according  as  the  planes  of  reflection  from  the 
mica  bundles  coincide,  or  cut  each  other  at  right  angles :  Knob^ 
lauch  {Poggendorffy  Annal.  Ixxiv.  9)  has  also  obtained  distinct  evi- 
dence of  the  difiraction  and  interference  of  the  rays  of  heat.  The 
parallelism  in  the  mechanical  properties  of  radiant  heat  and  of 
light  is  thus  shown  to  be  complete* 

§  III. — Specipic  Heat — Latent  Heat. 

(168)  Specific  Heat. — It  has  been  already  stated  (131)  that 
the  temperature  of  a  body  affords  no  indication  of  the  actual 
quantity  of  heat  which  such  a  body  contains.  The  thermometer 
does  not  even  give  the  proportionate  amount  of  heat  which  equal 
bulks  of  the  same  substance  contain,  if  they  be  compared  at  diSr 
ferent  temperatures.  It  may,  however,  be  made  to  fiimish  aii 
.estimate  of  the  relative  quantiti^  of  beat  contained  tia  two  diff^ 


9M 


tnCmC  BEAT. 


rent  maamt^,  either  of  the  name  wabttznce  or  of  lUfliLECiil  sab- 
iitoiM!«ii,  The  mrjde  in  whicb  thk  k  effiHrted  we  foctigd  bov  id 
uliMtnite* 

Kqtial  ballM  of  different  kinds  of  matter,  at  the  same  tcBpe> 
ivtiire,  contain  werj  difEerent  quantities  of  heat.  THieii  equal 
rohimes  of  water,  or  of  oQ,  or  of  anjr  liquid,  at  different  tempe- 
ratures, are  mixed  with  dne  precautions,  thej  jield  a  maas  the 
temperature  of  which  is  exactly  the  mean  of  the  two.  Thus^  a 
pint  of  water  at  40^,  added  to  a  pint  of  water  at  icx)^,  gires  two 
jrints  of  water  at  70^.  But  if  two  dissimilar  liquids  be  used,  the 
result  is  different.  A  pint  of  water  at  40^  mixed  with  a  pint  of 
mercury  at  100^,  gives  a  mixture  the  temperature  of  which  is  only 
6cP ;  but  a  pint  of  mercury  at  40^  mixed  with  a  pint  of  water  at 
100^,  gives  a  mixture  having  a  temperature  of  80°.  Mercury  is 
therefore  often  said  to  have  less  capacity  for  heat  than  water.  It 
requires  a  smaller  amount  of  heat  to  raise  it  a  given  number  of 
degrees  in  temperature  than  is  required  to  produce  an  equal  eleva- 
tion  of  temperature  in  the  same  measure  of  water.  If  equal 
weights  of  the  two  bodies  be  employed,  instead  of  equal  volumes, 
the  difference  is  still  more  striking.  A  pound  of  mercury  at  40°, 
agitated  with  a  pound  of  water  at  156°,  gives  a  mixture  the  tern- 
pcraturc  of  which  is=i5a°'3.  The  water  loses  3^7,  while  the 
mercury  gains  iia°*3.  The  quantity  of  heat  which  would  be  re- 
quired to  raise  any  substance  1°  F.  in  temperature,  compared  with 
the  quantity  of  heat  required  to  raise  an  equal  weight  of  water 
1®,  is  called  its  specific  heat :  therefore,  taking  the  specific  heat  of 
water  as  i,  that  of  mercury  will  be  0'033 : — since  ii2°*3  •  3^7 
I  :  I  :  w  (=o'033). 

(169)  Modes  of  Measuring  Specific  Heat, — Three  modes  of 
dot<;rmining  the  specific  heat  of  a  body  have  been  employed.  The 
best  is  the  method  of  mixtures,  just  described ;  another  method 
consists  in  determining  the  rate  of  cooling  of  equal  weights  of  the 
different  IkkHcs  under  similar  circumstances ;  and  the  third  con- 
sists in  determining  the  amount  of  ice  which  a  given  weight  of 
each  body  will  melt  when  cooled  from  a  fixed  temperature,  s^ 
a  I  a®,  to  the  freesing-point.  This  last  method  was  emj^red  by 
Lavoisier  and  Ijaplaco;  but  though  excellent  in  principk^  the 
difficulties  in  practice  render  the  results  inaccurate. 

If  the  iKxly  bo  in  the  solid  form,  the  process  of  mixtnre  mm 
still  be  employed  to  ascertain  the  specific  heat,  by  heating  to  die 
same  degree  equal  weights  of  the  different  solids  whidi  are  to  he 
compared,  then  imnieming  each  in  an  equal  bulk  of 
ohwtiing  the  elevation  of  temperatoie  produced  in 
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Experiments  conducted  in  this  manner,  show  that  great  diflTerences 
in  specific  heats  exist.  Researches  of  this  nature  are  necessarily 
attended  with  great  diflSculty,  owing  to  the  variety  of  sources  of 
error,  and  the  number  of  precautions  required  in  order  to  ensure 
accuracy.  Full  particulars  upon  these  points  are  given  in  the 
papers  of  Dulong  and  Petit  upon  this  subject  {Ann,  de  Chimie,  !!• 
vii.  225,  and  x.  395),  and  of  Begnault  (lb.  11.  Ixxiii.  5,  III.  i* 
129;   ix.  322;  XXV.  261 ;  xlvi.  267;  and  Ixiii.  5). 

The  second  mode  of  ascertaining  differences  in  specific  heat  is 
founded  on  the  different  rates  of  cooling  exhibited  by  equal 
masses  of  dissimilar  composition;  those  which  have  the  greatest 
specific  heat  cooling  most  slowly.  Suppose  the  different  bodies  to 
be  compared  have  all  been  heated  to  212^,  placed  in  the  same 
vessel,  and  allowed  to  cool  down  50°,  under  exactly  similar  cir- 
cumstances; by  noting  the  time  occupied  by  each  in  cooling 
through  this  interval,  and  by  comparing  this  with  the  time  re- 
quired  by  an  equal  weight  of  water  to  cool  through  the  same 
thermomctric  interval,  a  series  of  numbers  are  obtained  which 
represent  approximatively  the  specific  heats  of  the  bodies  in 
question;  making  the  time  occupied  by  water  in  cooling,  the 
unit  of  comparison,  or  /.  The  disturbing  influence  of  radiation 
and  the  differences  in  conducting  power,  which  varies  greatly  in 
the  different  bodies  submitted  to  trial,  are,  however,  serious  ob- 
jections to  the  employment  of  this  method  for  solids ;  for  liquids 
it  is  less  liable  to  error. 

The  following  table  gives  a  few  of  the  results  of  Begnault 
upon  specific  heat,  obtained  by  the  process  of  mixture  or  im- 
mersion : — 

Specific  Heats  of  Eqtml  Weights  between  32°  and  212®. 


Water vooooo 

Oil  of  Turpentine. . .     0*42593 

Charcoal 

Glass 


Iron 
Zinc 
Copper  ... 


t  •  • 


... 


... 


0*24150 
0*19708 
0-11379 
009555 

009515 


Brass     009391 

Silver    005701 

Tin 0*05623 

Mercury       00333a 

Platinum       003243 

Gold      0*03244 

Lead      003140 


(169  a)  Causes  of  Alteration  of  Specific  Heat. — Any  circumstance 
which  alters  the  relative  distances  between  the  particles  of  which  a 
body  is  composed,  at  the  same  time  alters  its  specific  heat.  Mecha- 
nical compression  sufficient  to  produce  a  permanent  alteration  in 
density  is  attended  by  a  corresponding  decrease  in  specific  heat  :-— 
Por  instance,  the  specific  heat  of  a  piece  of  soft,  well-annealed 
copper  was  found  to  be  firom  0*09501  to  0*09455 ;  the  same  copper^ 
lifter  hammerings  had  a  specific  heat  of  from  0*0936  to  0*0933 ; 
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on  bdng  again  thoroughly  annealed,  bo  as  to  recover  its  former 
density,  its  specific  heat  was  from  0*09493  to  0*09479,  or  almost 
exactly  tbe  same  as  at  first.  Again,  in  dimorphous  bodies  (86) 
the  deaaest  form  has  the  lowest  specific  heat;  diamond,  for 
example,  has  a  specific  heat  of  0*1468;  whilst  graphite  has  a 
specific  heat  of  o*20t8,  or  one-third  higher ;  and  the  specific  heat 
p{  di&rcoal  is  still  higher,  or  0*2415.  It  has  also  been  thought 
that  to  this  diminution  ctf  specific  heat  by  cnnpression  may  he 
paztially  due  the  heating  of  cold  metallic  bars  observed  during  the 
c^eratitHi  of  rolling ;  they  become  denser,  and  consequently  have 
lew  o^tacitf  Jbr  heat.  It  is,  however,  more  probable  that  this  is 
■imply  a  case  of  the  conversion  of  sensible  motion  into  the 
molecular  motion  which  produces  heat,  similar  to  that  which 
attends  fiiction  or  percusfflon. 

The  sudden  compression  of  aeri&rm  bodies  is  likewise  attended 
with  the  evolution  of  a  very  large  amount  of  heat,  which  may 
even  rise  high  enough  to  ignite  tinder  and  other  inflammable 
substances.  On  rarefying  air  the  opposite  effects  are  observed. 
One  evidence  of  this  fact  is  afforded  by  the  mist  which  is  formed 
within  a  glass  receiver  while  it  is  undergoii^  exhaustion.  On 
Bnt  working  the  pistons  of  the  air-pump,  the  sudden  expansion 
deprives  the  moisture  which  all  air  contains,  of  part  of  the  heat 
necessary  for  its  existence  in  the  gaseous  fonn,  and  it  condenses  in 
minute  drop^  whicji  speedily  evaporate  again  as  the  equilibrium  of 
temperature  is  restored.  If  compressed  air  be  allowed  to  expand 
Boddenly,  by  escaping  into  the  atmosphere,  a  similar  pheaomenoa 
is  produced ;  a  demand  for  the  heat  which  the  air  had  lost  in  com- 
pression suddenly  arises,  and  moisture  is  deposited  as  before. 

It  was  formerly  supposed  that  this  absorption  of  heat  attending 
tbe  expansion  of  aeriform  bodies  was  due  to  an  alteration  in  their 
specific  heat,  but  the  careful  and  elaborate  experiments  of  Keg- 
nault  have  proved  that  this  is  not  the  case,  and  the  absorption  of 
heat  under  these  circumstances  affords  a  strong  argument  in 
&rour  of  the  mechanical  theory  of  heat.* 


*  It  inly  be  w<wth  while  to  examine  the  omiditioiu  under  vhiah  this 
dimmutioo  of  temperature  t&kea  pUoe  gomenbat  more  fuUv.  Snpt>aee  two 
equal  rolamea  of  air  at  31°  be  exposed  to  the  action  of  a  |«dually  increaaing 
temperature  uatil  each  is  raised  to  a  temperature  of  51^.  If  <»e  of  theae 
volume!  of  air  be  alloned  to  expand  uccbeeked,  its  elasticity  will  remain 
tlnaltered.bntitirolDnie  will  be  doubled;  nhilst  if  the  otberiBconSned  within 
bed  limits,  its  Tolninij  will  be  unaltered,  bnt  ita  elaaticity  will  be  doubled. 
'Ilia  quantity  of  hnt  absorbed  to  produce  tbe  obanved  rise  of  temperetui* 
will,  however,  be  very  diScreut  in  the  two  expsrimeuta.  In  tbe  osae  where 
the  UT  ia  allowed  to  exjiiuid,  the  be«(iHqiiiBU  will  be  greater  than  where 
fho  hulk  of  the  air  continuea  the  tt,u  ^groportioit  of  1498  to  tooo> 
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The  absorption  of  heat  by  air  when  it  undergoes  rarefaction,  will 
enable  us  to  understand  the  general  distribution  of  temperature  in 
any  vertical  column  of  the  atmosphere  of  our  globe.  If  the  atmo- 
sphere, without  being  altered  in  weight  or  quantity,  could  be  re- 
duced to  a  stratum  of  uniform  density  throughout,  with  a  uniform 
temperature  of  80°,  it  would  extend  to  a  height  of  about  28,000 
feet.  Now,  suppose  that  this  air,  throughout  the  entire  thickness  of 
the  stratum,  suddenly  expanded  to  the  extent  due  to  its  elasticity ; 
the  temperature  would  immediately  fall  in  every  part  of  the 
column,  (except  at  its  base,  where  it  would  remain  stationary,) 
in  consequence  of  the  alteration  in  density;  at  15,000  feet  it  would 
be  about  32°,  and  at  30,000  feet  it  would  be  about  —30®.  Owing 
to  the  cause  just  explained,  a  progressive  diminution  of  the  tern*, 
perature  is  experienced,  as  the  altitude  of  the  observer  above  the 
surface  of  the  earth  increases ;  and  this  depression  of  temperature 
is  such,  that  even  in  tropical  climates,  the  summits  of  lofty  moun- 


Let  c,  fig.  124,  be  an  open  rectangular  vessel,  the  base  of  which       Fia.  124. 

is  one  square  foot  in  area.    If  a  a  represent  the  surface  of  a    ■,  . 

cubic  foot  of  air  contained  within  it  at  a  temperature  of  32°,    ^ 

d  d  will  represent  the  surface  of  the  same  eubic  foot  of  air 

which  has  been  raised  to  523^,  or  through  an  interval  of  491^. 

The  quantity  of  air  which  originally  filled  but  one  cubic  foot 

will  now  occupy  the  space  of  two  cubic  feet;  consequently  it 

must  have  lifted  the  superincumbent  column  of  atmospheric  air, 

resting  on  the  surface,  d  d,  through  a  height  of  one  foot ;  but 

the  weight  of  that  superincumbent  column  of  air,  calculated  at 

15  pounds  on  the  square  inch,  is  15x144,  or  2160  pounds. 

ISow,  the  weijB^ht  of  a  cubic  foot  of  air  at  32°  is  1*29  ounces, 

and  the  specific  heat  of  air  was  found  by  Kegnault  to  be  a 

little  less  than  one-fourth  of  that  of  an  equal  weight  of  water, 

or  0237,  so  that  the  quantity  of  heat  required  to  raise  1*29  ounces  of  air 

49  r°  will  raise  only  0*31  ounces  of  water  through  491^.    Now,  0*31  ounces 

of  water  raised  to  491^  would  be  equal  to  152  outices,  or  9*5  pounds  raised 

onlv  1°,    Thus  the  heat  required  to  double  the  volume  of  a  cubic  foot  of  air, 

and  consequently  to  lift  2160  pounds,  would  heat  9*5  pounds  of  water  1°  F. 

Suppose,  in  the  next  place,  that  the  cubic  foot  of  air,  instead  of  beins 
allowed  to  expand  freely,  be  confined  when  heated,  so  that  its  volume  Bhall 
remain  constant ;  the  quantity  of  heat  required  under  these  circumstances 
will  be  less  than  when  it  was  allowed  to  expand  freelv  in  the  ratio  of  1000  to 
1408,  so  that  the  quantity  of  water  which  would  be  heated  i^  by  this  amount 
is  easily  seen  to  be  only  equal  to  6*7  pounds ;  fbr  1408 :  1000 : :  9*5 :  6*7. 

Now,  on  deducting  6*7  from  0*5,  the  difierence,  2*8,  represents  the  number 
of  pounds  of  water  which  would  oe  raised  i^  F.  by  the  excess  of  heat  imparted 
to  the  air  when  allowed  to  expand,  in  our  imaginary  experiment ;  but  this 
«xcess,  as  already  explained,  has  been  engaged  in  lifting  a  column  of  air  of 
2160  pounds  weight  through  a  height  of  one  fpbt.  If  now  we  divide  2160  by 
2%  we  obtain  the  number  771*4,  and  hence  it  appears  that  an  expenditure  of 
heat  sufficient  to  raise  one  pound  of  water  i^  F.  is  competent  to  raise  771*4 
})ounds  one  foot ;  or  we  are  by  this  means  brought  to  the  same  result  as  that 
deduced  bv  Joule  from  his  experiments.  The  reasoning  employed  above  is 
that  used  by  Mayer  in  his  paper  on  the  mechanical  nature  of  heat.  The 
numbers,  however,  have  been  supplied  by  subsequent  experiments.  (See 
Tyndall :  Heat  as  a  Mode  qf  Motion,  p.  66  et  seq.) 
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tains  are  always  crowned  with  snow.  At  the  equator  the  snow 
line  occurs  at  an  altitude  of  about  15,000  feet,  but  in  England  the 
line  of  perpetual  snow  occurs  at  about  6000  feet ;  since  the  limit  of 
perpetual  snow  gradually  descends  (subject,  however,  to  irregu- 
larities, from  local  causes)  towards  the  level  of  the  sea,  according 
as  the  place  of  observation  approaches  towards  either  pole.  A 
blast  of  cold  air,  therefore,  in  descending  from  a  lofty  height 
would  have  its  temperature  elevated  by  the  mere  condensation 
which  it  experiences  as  it  approaches  the  surface  of  the  globe> 
without  any  supply  of  heat  from  extraneous  sources;  and  the 
danger  arising  from  its  chilling  influences  would  be  thus  simply 
and  efiectually  averted.  Observations  have  shown  that  the  average 
depression  of  temperature  in  ascending  from  the  sea  level  amounts 
to  1®  F.  for  every  300  feet ;  and  the  following  table  is  given  by 
Daniell  {Meteorology,  vol.  i.  p.  41)  as  an  approximative  estimate  of 
the  distribution  of  heat  in  the  atmosphere  due  to  this  cause,  sup- 
posing, as  indicated  in  the  second  column,  that  the  initial  tempera* 
ture  of  80®,^  is  that  of  the  surface  of  the  earth  near  the  equator, 
and  that  the  initial  temperature  of  o^  F.  indicated  in  the  third 
column  is  that  towards  thd  poles. 

Decrease  of  Temperature  in  the  Atmosphere  from  Elevation. 


Altitude  in  Feet. 

Tempermtore  ''F. 

Temperature  ''F. 

0 

5000 

lOOOO 

15000 

20000 
25000 
30000 

80*^ 

64*4 

48*4 

3»*4 
12*8 

—30*7 

0° 
—18-5 

—58*8 

— 82*1 

— 109*1 

—140-3 

In  proportion  as  the  temperature  of  a  substance  rises,  its 
specific  heat  gradually  increases :  owing,  probably,  to  the  increase 
in  the  bulk  of  the  body  with  the  rise  of  temperature,  and  to 

Rise  qf  Specific  Heat  with  Rise  of  Temperature, 


SaUt^ioenMd.                     ^"o^F.*** 

From  ii°  to 

Mercury      

Platinum      

Antimony     

Silver    

Zinc      

Copper 

Iron      

Glass     

00330 

0-0335 
00507 

0-0557 
0*0927 

00949 

0*1098 

0*1770 

0*0350 

0-0355 
00549 

0*0611 

0*1015 
0*1013 

0*I2l8 

0*1900 
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tlie  au^entation  of  the  space  between  the  molecules  of  the  heated 
substance.  This  increase  in  the  specific  heat  with  the  rise  of 
temperature  may  be  seen  by  examining  the  foregoing  table  com- 
piled from  the  experiments  of  Dulong  and  Petit, 

(170)  Variation  of  Amount  of  Specific  Heat  with  Change  of 
Physical  State. — A  body  in  the  liquid  state  has  a  higher  specific 
heat  than  the  same  substance  when  it  is  in  the  solid  form.  It  is 
lower  in  the  gaseous  than  in  the  liquid  condition.  This  is  re- 
markably shown  in  the  case  of  water,  in  which  the  specific  heat  is 
double  that  of  ice,  and  also  more  than  double  that  of  steam.  Con- 
trasting together  the  specific  heats,  as  obtained  for  the  following 
solids,  by  Regnault,  with  the  numbers  obtained  by  Person  {Ann. 
de  Chimie,  III.  xxi.  333,  and  xxiv.  136)  for  the  same  bodies  when 
liquefied,  the  amount  of  this  difference  will  be  seen  to  be  liable  to 
great  variation : — 

Specific  Heat  of  the  same  Substances,  both  in  the  Solid  and 

in  the  Liquid  State. 


SabflUnoe. 

SoUd. 

Liquid. 

Sp.  Heat. 

Temperature  °F. 

Sp.  Heat. 

Temperature  °F. 

^  l/w       •••              %••            •■•             ••• 

Nitrate  of  Sodium. . . 
N  itrate  of  Potassium 

Sulphur 

Phosphorus    

Bromine 

Tin 

Iodine     

Lead       

Bismuth 

Mercury 

05050 
0*2783 
02387 
0'2026 
0-1788 
00843 
0*0563 
00541 
00314 
0*0308 
00319 

between 

— 33  and    33 

33  and  313 

33  and  313 

33  and  313 

6  and    45 

— 108  and  — 4 

33  and  312 

33  and  313 

33  and  313 

33  and  313 

1*0000 
0*4130 
0*3318 
0*3340 

0-3045 
0*1060 
0*0637 
0*1083 
0*0403 
00363 

00333 

between 

33  and    68 

608  and  806 

662  and  815 
348  and  303 
133  and  313 

10  and  118 
483  and  662 
not  stated 

663  and  843 
536  and  716 

33  and  313 

Of  all  solids  and  liquids  water  is  that  which  possesses  the 
largest  amoimt  of  specific  heat.  This  circumstance  contributes  in 
no  small  degree  towards  moderating  the  rapidity  of  transitions 
from  heat  to  cold,  or  from  cold  to  heat,  owing  to  the  large  quan- 
tity of  heat  which  the  ocean  absorbs  or  emits  in  accommodating 
itself  to  the  variations  of  external  temperature.  Mercury,  on  the 
other  hand,  has  a  very  low  specific  heat,  which  much  enhances  its 
sensibility  to  changes  of  temperature,  and  increases  its  fitness  for 
thcrmometric  purposes. 

(171)  Specific  Heat  of  Gases  and  Vapours. — ^The  determina- 
tion of  the  specific  heats  of  gases  and  vapours  is  attended  with 
unusual  difficulties;  and  the  earlier  researches  on  the  subjectj 
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tbongfa  oonducted  by  111U17  phiioaophen  distinguished  Cor  ^pm- 
mental  ilciD,  gsve  discordaiit  uu)  gniatiActorr  results. 

The  rabject  Iiaa  been  rabniitted  to  »  very  elabcwate  and  rigorous 
itiTeftigatioD  by  Begn&nlt,  vho,  tating  the  specific  heat  of  an  equal 
wti^tt  ot  water  aa  the  unit  of  compariaon,  finds  that  of  air  to  be 
=^0*2375,  and  he  give*  the  fidloning  nnmben  as  representing  the 
^ecific  heat  of  the  Tariona  gaaea  and  vapoura  upon  which  he  made 


8pee^  Heat  of  GatCM  and  Vapowrw. 


OM^V,f^. 

_--_ 

GHarrnwnr. 

^     1 

W-.-1 

Tob. 

WnghU. 

Air    

01375 

0-34  [ 

0-154 

0«M«»     

0140* 

0-117S 

HTdroclilaHcAcid 

o-»3ii 

Ifi«r.««i    

01368 

0-1438 

01SS7 

0-1431 

01359 

3-4090 

Witer    

01989 

0480s 

UUoriD*    '.'.'.            '.". 

01964 

Alcohol 

0+J34 

BroBioa    

0-3040 

oojsj 

Wood  Spirit 

o-5^3 

0-4J80 

HhroiuOiidB 

ras 

01,61 

Blher    

11,66 

04796 

Hitrie  Oxide    

01317 

Chloride  of  Eth;! 

0-6096 

0-1738 

CuboDio  Oiid« 

01370 

BromidBofEtlifl 

o-^6 

C-.896 

Gubunic  Add 

03307 

l\% 

Halpfaide  of  Bthjl 

t-1466 

o-4o28 

BtalpfaideorCkrbaa.. 

0-41 11 

OIJ69 

CjMide  of  Bthjl 

'.I'M 

0-416. 

01996 

0-J084 

0-1566 

MmA  8m        

0-3177 

0-J919 

Dol*h  Liquid       

0-791 1 

0-1193 

Olefiut  Oh      

0-4106 

0-4040 

AcelLc  Klher 

.■1.84 

0-4008 

Chloridaof  Anenio  ... 

0-7013 

0-37S4 

ChkiridaoTSilioDa    ... 

0-7778 

O-LJll 

Acetone 

0-8341 

0-4115 

P«chk>r>deD(XiUi>:<uii 

0-85'i4 

o-iigo 

OilofTurpentbe 

1-3776 

0-5061 

PerebkridB  of  Tin    ... 

0-S639 

00939 

0-6386 

0-1347 

As  the  result  of  a  numerous  and  elaborate  series  of  experi- 
ments, Reguault  concludes,  contrary  to  the  statement  of  Dda- 
roche  and  B^rard,  that  the  specific  heat  of  air  does  not  increase 
with  rise  of  temperature,  at  any  rate  between  the  temperatures  of 
—  32"  and  392°  F.  The  same  result  holds  good  for  gases  which, 
like  hydrogen,  are  not  readily  liquefiable.  Condensible  gases  like 
carbonic  acid  exhibit  a  variation  which,  on  the  contraiy,  is  quite 
perceptible ;  thus,  the  specific  lieat  of  carbonic  acid — 

Between  —22"  and  18"  was  found  =o'i84i7. 
„  18"  and  212"      „         =0*20248. 

„  18°  and  410"       „         =o'ai692. 

Or  the  specific  beat  of  carbonic  acid  is  as  follows :-- 
At    32"         =         0-1870. 
„  212*         =         0-2145. 
H  391°         =         0-2396. 
A  similar  rariation,  though  probably  to  a  still  greater  anwunt, 
sccnn  with  Tapoun  generally. 
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Another  remarkable  experimental  result  obtained  by  Regnault, 
indicates  that  for  pressures  ranging  between  i  and  12  atmospheres^ 
the  specific  heat  of  equal  weights  of  a  non-condensible  gas,  such  as 
atmospheric  an-  or  hydrogen,  is  uniformly  the  same,  and  is  inde- 
pendent  of  the  density ;  consequently,  that  the  specific  heat  of  a 
given  volume  of  a  gas  increases  directly  as  its  density  is  increased. 

The  specific  heats  of  the  simple  gases  for  equal  volumes,  are 
nearly  the  same  in  the  case  of  the  incondensible  gases — oxygen, 
nitrogen,  and  hydrogen — and  appear  to  follow  the  law  of  Dulong  and 
Petit  (172);  but  for  condensible  gases  and  vapours,  such  as  chlorine 
and  bromine,  it  is  far  from  being  true.  Compound  gases  which  are 
formed  without  undergoing  condensation,  such  as  hydrochloric 
acid  and  nitric  oxide,  also  obey  the  law  of  Dulong  and  Petit. 
When  a  body  can  be  obtained  in  the  solid,  liquid,  and  gaseous  state, 
it  is  found  to  have  the  highest  specific  heat  when  in  the  liquid 
form,  and  much  less  in  the  aeriform  state. 

In  determining  the  specific  heats  of  gases  and  vapours,  after  a  trial 
of  various  methods,  Regnault  ultimately  adopted  a  modification  of 
that  employed  by  Delaroche  and  Berard  : — The  gas  under  trial  was 
first  condensed  into  a  strong  receiver,  and  then  by  means  of  apparatus 
specially  contrived  for  the  purpose,  a  known  weight  of  this  gas  was 
allowed  to  escape  at  a  perfectly  uniform  rate,  into  a  spiral  tube 
plunged  into  a  vessel  of  hot  oil,  which  was  maintained  at  a  fixed  tem- 
perature ;  the  gas  was  in  this  way,  during  its  passage  through  the 
spiral,  raised  to  a  known  temperature,  equal  to  that  of  the  oil  in 
the  bath  ;  the  heated  gas  was  then  transmitted  through  a  metallic 
vessel,  surrounded  by  a  known  weight  of  water ;  finally,  the  gas 
was  allowed  to  escape  into  the  atmosphere,  care  being  taken  that 
no  sensible  difference  in  temperature  existed  between  the  issuing 
gas  and  the  water  of  the  calorimeter.  In  this  way  Regnaidt 
ascertained  the  rise  of  temperature  experienced  by  a  known  weight 
of  water,  when  a  given  weight  of  each  gas,  after  it  had  been  raised 
to  a  certain  known  temperature,  was  cooled  down  by  it  to  a 
certain  other  known  temperature.  When  the  specific  heat  of  equal 
weights  of  the  different  gases  was  once  known,  it  was  easy  to  cal- 
culate that  for  equal  volumes,  by  simply  multiplying  the  numbers 
for  equal  weights  by  those  representing  the  specific  gravities  of 
each  gas  or  vapour.  For  the  details  of  this  delicate  inquiry,  the 
reader  is  referred  to  the  second  volume  of  Regnault's  great  work. 
Relations  des  ETpiriences  pour  determiner  les  Lois  et  les  Donndes 
Physiques  nScessaires  au  Calcul  des  Machines  ci  Feu,  pp.  41 — ^333; 

The  following  table,  compiled  from  Begnault's  experiments, 
shows  how  greatly  the  specific  heat  of  the  same  liquid  varies  with 
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the  temperature,  irhilst  in  gases  no  such  Tariation  takes  place.  It 
also  shoiTs  that  the  specific  beat  of  a  body  in  tbe  gaseouH  state  is 
always  less  than  that  of  the  same  substance  in  the  liqtiid  form. 

Specific  Heati  of  lAqmda  and  Vapours  compared. 


liquid. 

FMnol*. 

liqmd. 

^,,,,^1 

Bp.ht.1. 

T™p.=  F. 

Sp.  h»t. 

T™ip.°P. 

Witer 

Bromine     

H,0 
Br, 

oio6o 

between 

SO°Mld    JIJ° 

-lo'and^o'i 
S6°nnd  136°! 

0-4805 
0-oSii 

161°  amJ  438* 
i8i°.nd44i* 

Alsohol       

0,E,0 

07694 

il7,l-  } 

0+53* 

111°  Md  418° 

Blher 

C,B„0 

:-;U? 

At  86° 

o-4r97 

158°  u,d  418° 

BiidpUdo  Cwbon 

C5. 

0*303 

At  — Ji" 
At86- 

0-1570 

163°  nnd  378' 

Wood  Spirit 

AoatoDe      

Si"'."".':: 

Bromide      

Cjuiide      

CH.O 
C.H.O 

C,H.Br 
e,HCy 

1  0--4814 
1  0'53<M 
0'4rB5 

0'4.)15 
0-58,7 
07369 

31°  uid  68° 
At -11°    J 
At  86'      ( 
68°  and  .{8° 

At-«° 
At  86° 

0-4580 
0-4115 
0-4008 
0-1738 
01896 

0-4161 

114°  Mid  443* 
164°  nnd  451° 
148°  and  433° 
66°  wd  341° 
171°  nnd  385' 

»37*  "n-l  430° 

AM^e  Bthv      ... 

C,E,C,E,0, 

At  86° 

0-4008 

139°  Md  416° 

CBCl, 

05  793 

o-i3?4 

At— 11° 

At  86° 

0-1567 

141°  and  441° 

Dntab  Liquid     ... 

O.H,CI, 

I  0  1790 

At  86° 

0-J193 

131°  »nd  430° 

Bauiol 

c.n. 

0-4360 

68"  uid  ,60° 

0-375+ 

«40-.>,d4.4° 

(17a)  Relation  of  Specific  Heat  to  Atomic  Weight. — An  in- 
tereatisg  relation  has  been  traced  between  the  specific  heats  of 
bodice  and  their  combining  quantities.  It  has  already  been  stated 
(168)  that  the  amount  of  heat  required  to  raiee  equal  weights  of 
different  substances  1°  in  temperature  varies  fi>r  each  species  of 
matter,  hut  is  always  constant  for  the  same  body  when  it  is  placed 
imder  like  circumstances. 

By  comparing  together  quantities  of  the  various  elementary 
substances  in  the  ratio  of  their  combining  proportions,  and  ascer- 
taining the  amount  of  heat  which  each  requires  to  raise  it  through 
equal  intervals  of  temperature,  Dulong  and  Petit  made  the  im- 
portant observation  that  the  quantities  of  heat  absorbed  bear  a  very 
simple  nimierical  relation  to  each  other.  In  a  large  proportion  of 
instances,  the  amounts  of  heat  thus  absorbed,  allowing  for  un- 
avoidable errors  of  experiment,  are  identical ;  and  it  was  further 
observed,  that  the  exceptional  cases  nearly  always  exhibit  some 
simple  multiple  relation  to  this  niunber.  In  other  words,  the 
\e  heat  qfan  eUmentary  body  it  ineerteljf  atitt  combimng  pro- 
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portion':  consequently,  the  product  of  the  specific  heat  of  an  element 
into  its  combining  proportion  gives,  subject  to  slight  variations 
due  to  errors  of  experiment,  either  a  constant  number,  or  some 
multiple  of  that  number. 

The  law  thus  announced  by  Dulong  and  Petit  has  been  con- 
firmed by  the  subsequent  researches  of  Begnault  upon  specific  heat 
(Ann.  de  Chimie,  II.  Ixxiii.  61,  III.  i.  129,  ix.  322,  xxvi.  261,  xlvi. 
257,  and  Ixiii.  5).  Regnault  determined  the  specific  heats  of  a 
great  variety  of  bodies,  both  simple  and  compound.  He  designates 
the  product  obtained  by  multiplying  the  specific  heat  of  a  body 
by  its  atomic  weight,  as  the  atomic  heat  of  the  body. 

In  2 1  of  the  simple  bodies  which  he  examined,  most  of  which 
were  in  a  state  of  chemical  purity,  he  found  the  atomic  heat  to 
range  between  3*31  and  2*93,  with  a  mean  of  3*13.  The  elements 
comprised  in  this  class  are  the  following — viz.,  aluminum,  cadmium, 
cobalt,  copper,  iridium,  iron,  lead,  magnesium,  manganese,  mercury, 
nickel,  osmium,  platinum,  rhodium,  selenium,  sulphur,  tellurium, 
tin,  tungsten,  and  zinc.  Experiments  are  at  present  wanting  upon 
the  specific  heat  of  oxygen  in  a  form  comparable  with  the  solid 
elements,  as  well  as  upon  barium,  strontium,  calcium,  glucinum, 
thorinimi,  cerium,  didymium,  lanthanum,  molybdenum,  vanadium, 
uranium,  and  ruthenium ;  although  fix)m  analogy  there  is  reason 
to  believe  that  they  belong  to  this  group  of  elements  as  regards 
their  specific  heat. 

If  the  equivalent  number  in  common  use  be  employed  as  the 
multiplier  of  the  specific  heat,  it  will  be  found  that  a  second 
smaller  class  of  elements  exists  which  have  an  iatomic  heat  double 
that  of  the  elements  contained  in  the  foregoing  list.  This  class  com- 
prises gold,  silver,  thallium,  bismuth,  antimony,  arsenic,  phosphorus, 
bromine  and  iodine,  as  well  as  lithiimi,  potassiimi,  and  sodium. 
From  their  chemical  analogies  there  can  be  little  doubt  that  in 
this  list  should  also  be  included  fluorine,  chlorine,  coesium,  rubidium, 
and  hydrogen,  although  as  yet  the  necessary  experiments  are  want- 
ing to  decide  the  point.  Tlie  bodies  of  this  class  gave  for  their  atomic 
heat  numbers  ranging  between  5*85  and  6*87,  with  a  mean  of  6*42 ; 
KegnaiJt  therefore  proposed  to  divide  by  two  the  numbers  usually 
given  as  the  atomic  weights  of  the  elements  in  the  second  list. 
It  would  be  more  convenient  to  double  the  numbers  of  the  first 
series,  by  which  means  the  identity  of  the  ratio  would  be  preserved 
equally  well.  If  this  were  done,  the  atomic  weights  would  cor- 
respond with  those  given  in  the  tables,  p.  24  and  25.  There  are  che- 
mical reasons  which  fully  justify  this  alteration,  startling  as  it  may^ 
to  some  at  first  appear.     The  combining  proportion  of  an  element^ 
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it  must  be  remembered,  is  not  affected  by  the  proposed  change  of 
the  number  which,  for  various  reasons,  is  selected  as  the  atomic 
weight,  and  which  in  some  cases  coincides  with  the  combining  pro- 
portion, while  in  others  it  is  a  multiple  of  it. 

The  table  which  follows  includes  some  of  the  principal  results 
derived  from  Regnault's  experiments  on  a  large  number  of  elemen- 
tary bodies.  He  found,  as  has  been  already  stated,  that  the  same 
element  has  a  different  specific  heat  if  examined  in  a  different 
state  of  aggregation.     Bodies  when   in  the  liquid  form  have  a 

Specific  and  Atomic  Heats  of  the  Elements. 


Elements. 


*.• 


Diamond 

Graphite      

Wood  Charcoal  ... 

Silicon,  fiised 

„  crystallized 
Boron,  crystallized 
Sulphur  (native)  ... 

Selenium      

Tellurium     

Magnesium 

iufinc      ...     .••     ... 

Cadmium      

Aluminum    

A  AvU  •••  •••  ••• 

Nickel 

Cobalt 

Manganese 

Tin 

JLUl...        ...        •..         ... 

Tungsten      

Copper 

ijcad     ...     • 

Mercury,  solid     ... 

„        hquid  ... 

Platinum      

Palladium    

Hhodium      

Osmium       

Iridium 

Iodine 

Bromine,  solid     ... 

„        liquid   ... 

Potassium    

Sodium 

Lithium        

Phosphorus 

Arsenic 

Antimony     

Bismuth       

ThalUum      

Silver    

€told     


^ecillo 
H«at. 


►  1750 
►•1707 


0*1468 
0*20l8 

0-2415 
017. 

0250 

0*17700 

o'o837o 

004737 

0-3499 

009555 

0*05669 

0-2I43 

0-11379 

o*  10863 
0-10696 
0-1317 

0-05633 
0-03343 
009515 

0*03140 
0*03193 

003333 
003243 
005937 

0-05IOI 

0-03063 
003259 

0*05413 

0-08430 

0*10600 
0-16956 

0*39340 

0-9408 
0-18870 

0-08140 

0-05077 

0*03084 

003355 

0*05701 

0-03244 


Bqmva- 
lent 


I 


f$ 

ft 

14 

10*9 
16-0 

97 
4-0 

I2'0 

56.0 

13-7 
28-0 

29*5 

93*0 

317 
103*6 

loo-o 

lOO'O 

98-6 

53*2 
52*2 

994 
98*6 


Speoifio  Heat 

Atomic 

X 

Bquivalent. 

Weight. 

0-8808 

48  P 

I '2 108 

33  P 

1-4490 

av 

2-450 

351" 

2*8416 

32 

3'3U5 

79*5 

3-0310 

129 

2-9988 

24 

3*  1054 

65 

31744 

112 

2-9359 

3- 1 861 

275 
56 

32045 

59 

31553 

59 

33467 

^S 

33063 

118 

30746 

194 

30162 

635 

32530 

207 

3*1920 

200 

3*3320 

200 

31976 

197-2 

31S31 

106-4 

30291 

104-4 

30446 

198*8 

32133 

197-2 

127 

80 

80 

39 

23 

7 

31 

75 

122 

210 

204 

108 

196-6 

Specific  Heat 

X 

At.  Weight. 


60464 
6-6594 

6125 


5-6832 
6*6541 
6*1107 

§•9976 
6-2588 

65482 

5*8730 
6*3722 

6*4090 

6-3106 

66934 

6-6356 

6*1492 

6*0419 

6*4999 

6*3840 

6*0640 

63952 
6-3062 

6-0582 

6*0092 

6*4266 

6*8732 

6*7440 

8*4800 

6-6128 

6- 7480 
6-5856 

5*8497 
6*1050 

6*1939 

6*4764 

6*8442 

61570 

6.3777 
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higher  specific  heat  than  when  in  the  solid  state,  as  is  seen  on 
comparing  the  numbers  for  bromine  and  mercury  in  the  two  con- 
ditions. 

(173)  Atomic  Heats  of  Compound  Bodies. — The  alloys,  accord- 
ing to  Regnault*8  experiments,  yield  a  specific  heat  which  is 
exactly  the  mean  of  that  of  their  components ;  hence  their  heat 
is  equal  to  the  sum  of  that  of  their  components :  and  Woestyn 
{Ann.  de  Chimie,  III.  xxiii.  295)  has  shown  that  for  the  sulphides 
and  iodides,  within  certain  limits  of  error,  the  atomic  heat  may 
he  calculated  from  the  sum  of  the  atomic  heats  of  their  consti- 
tuents. The  atomic  heat  of  the  compound  is,  however,  generally 
somewhat  less  than  that  sum,  and  it  varies  from  this  number 
according  as,  during  combination,  condensation  of  the  component 
particles  has  occurred  to  a  greater  or  less  extent,  and  according  to 
other  causes  hitherto  unascertained. 

On  comparing  together  equivalent  quantities  of  isomorphous 
compounds  possessed  of  a  similar  chemical  composition,  Neumann 
found  that  they  likewise  possess  equal  atomic  heats.  The  dif- 
ferences from  the  mean  are  in  some  cases  considerable,,  but  they 
are  of  the  same  order  as  those  already  observed  to  occur  in  tho 
simple  bodies.  The  mean  atomic  heat  of  the  isomorphous  car- 
bonates, such,  for  example,  as  the  carbonates  of  calcium,  barium, 
iron,  lead,  zinc,  strontium,  and  the  double  carbonate  of  calcium 
and  magnesium,  is  2r22,  varying  between  2J*io  and  ^1*70.  In 
like  manner  the  sulphates  of  barium,  calciiun,  strontium^  and  lead 
yield  a  mean  atomic  heat  of  24*82. 

Regnault,  from  an  extensive  series  of  experiments  on  a  great 
variety  of  compound  bodies,  arrived  at  the  conclusion  that,  '^  in  all 
compound  bodies  of  the  same  atomic  composition,  and  of  similar 
chemical  constitution,  the  specific  heats  are  inversely  as  the  atomic 
weights.*'  The  product  obtained  by  multiplying  the  specific  heat 
into  the  atomic  weight  in  any  one  class  of  compounds  may,  how- 
ever, differ  greatly  from  the  product  of  the  corresponding  numbers 
in  any  other  class,  the  numbers  frirnished  by  the  different  classes 
not  being  connected  by  any  very  simple  ratio.  These  facts  will 
be  rendered  obvious  by  an  examination  of  the  subjoined  summary 
of  Regnault's  results  {Arm.  de  Chimie,  III.  i.  172). 

In  the  last  column  of  the  table  are  given  the  quotients  obtained 
by  dividing  the  atomic  heat  in  the  fourth  column  by  the  number 
of  atoms  entering  into  the  composition  of  the  compound.  These 
quotients  are  not  uniform  in  amount,  as  wotdd  be  the  case  if  the 
atomic  heat  of  a  compound  were,  as  supposed  by  Woestyn  and 
Gamier,  merely  the  sum  of  the  atomic  heats  of  its  constituent 
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AI   HeM 

CUuoTCMiqoiiiid*. 

Gnenl 

Jp'l^. 

Bp.Hat 

f^-^t 

Protoxides,  istClasR,  ZnO 

K"0» 

J 

1064 

^■^5 

2nd  Class,  P£0 

H"0 

J 

"l'30 

Sesquioxidea      

E'",0, 

J7''5 

5'43 

Binoiides 

5'V 

13-84 

4-6 1 

Tfrojides    

y-io. 

i5-98 

4-74 

SulpLidea   

u.s 

3 

18S8 

6-.9 

Bisulphides 

|';,'S. 

SS' 

^? 

MCf 

ChiondM    

13-69 

'3* 

Bichlorides 

Fct 

,s■^i 

«>4 

3 

30-36 

759 

Qusdriehlorides 

Z'-Cl. 

3 

3556 

7'u 

Bromides 

MBr 

3 

13*70 

685 

Bibromides     

H"Br, 

19-36 

«-4S 

Iodide.     

MI 

s 

i3-i6 

'73 

Biniodide*       

N"I, 

MNd 

N"aNO, 

\P,^ 

'^tl 

Fl'iorides    

(Nitrates    

iNitwies 

3 

'■l'»37 

4-8a 

I 

3VU 

4'4' 

Chlora'es    

MClO, 

^5-^8 

5' '3 

Sulpbfttes 

TA.SO. 

S 

4-7' 

[Sulphstes 

n'^so. 

5 

443 

Chromate* 

U,Cr6, 

I    ;    3^o8- 

S§ 

Acid  Chromates        

S",iPO. 

1         54 '59 

j  CarboQatea      

a     t    ^9-48 

4-91 

)  Carlionates      

8 

31  54 

:i 

Phoaphates 

63-66 

MetaphoBphates         

N'jPO, 

39-78 
6jj4 

48'34 

3-98 

Pyrophosphates        

Ditto                 

»Y^°rf, 

J 

::p 

*  N"  KprmentiDg  a  djad,  B'"  a  triad,  X*"  a  tetrad,  and  Y"  a  hexad  element, 
elemeots ;  but  it  may  be  easily  seen  that  tlie  number  in  the  different 
members  of  the  same  class  of  compounds  is  nearly  alike. 

For  example,  assuming  that  the  molecule  of  the  chlorides  of 
the  alkaline  metals  is  represented  by  the  formida  MCI  (a  diatomic 
fermula),  the  atomic  heat  of  this  class,  12-69,  divided  by  2,  is  6-34, 
which  agrees  very  well  with  the  ordinary  number  for  the  atomic 
heat  of  the  elements.  Again,  if  the  molecule  of  the  chlorides  of 
the  metals  of  the  alkaline  earths,  and  most  of  the  strongly  basic 
metals,  iron,  cobalt,  zinc,  nickel,  ficc.,  be  represented  by  the  formula 
N"C1|  (a  triatomic  formula),  the  atomic  heat  18-72,  divided  by  3, 
gives  6*34  as  the  result,  again  agreeing  with  the  ordinary  numbers 
for  the  atomic  heat  of  the  elements.  Similar  remarks  are  applicable 
in  the  case  of  the  bromides  and  the  iodides  of  these  two  classes 
of  metallic  dements,  as  will  be  obvious  on  inspecting  the  table, 
espondence  between  these  two  sets  of  dilorides,  bro- 
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mides,  and  iodides,  however,  disappears,  if  it  be  supposed,  as  has 
hitherto  been  very  generally  admitted,  that  the  chlorides,  bromides, 
and  iodides  are  all  diatomic.  If  the  chlorides  of  the  second 
class  represented  in  the  table  as  consisting  each  of  3  atoms — such 
as  chlorides  of  calciimi,  barium,  magnesium,  &c.,  be  supposed  to 
be  formed  upon  the  type  MCI,  or  to  contain  two  atoms  only  in 
their  molecules — their  atomic  heat  will  be  9*36,  and  dividing  by  a, 
the  number  will  be  4*68.*  The  general  conclusion  deducible  from 
these  experiments  is  that,  whilst  the  equivalents  of  the  halogens  and 
of  the  alkaline  metals,  including  also  thallium  and  silver,  are  truly 
their  atomic  weights,  the  equivalents  of  the  majority  of  the  re- 
maining elements  represent  but  half  their  atomic  weights ;  con- 
sequently, the  atomic  weights  of  these  metals  should  be  doubled, 
in  conformity  with  the  table  given  at  pages  24  and  25. 

The  specific  heat  of  organic  liquids  has  been  studied  as  yet  but 
very  imperfectly.  It  is,  however,  clear  that  the  specific  heat  of  liquids 
rises  very  rapidly  with  rise  of  temperature,  and  this  rise  stands 
in  no  simple  relation  to  the  amount  of  expansion  which  the  liquid 
experiences.  It  is  not  therefore  surprising  that  in  the  case  of 
liquids,  even  when  elementary,  no  approximation  to  the  law  of 
Dulong  and  Petit  for  the  elements  in  their  solid  form  (that  the 
specific  heat  is  inversely  as  the  atomic  weight)  has  been  ascertained 
to  exist.  The  specific  heats  of  a  few  liquids  have  already  been 
given  on  Regnault^s  authority  (p.  272).  In  the  table  on  the  follow- 
ing page  the  numbers  for  ether,  cthal,  and  oil  of  turpentine  were 
determined  by  Favrc  and  Silbermann.  The  remaining  results  are 
those  obtained  by  Kopp. 

From  these  experiments,  scanty  and  few  in  number  though 
they  are,  it  appears  that  the  specific  heat  of  equal  weights  of 
organic  liquids  decreases  as  the  molecular  weight  of  the  sub- 
stance increases;  further,  that  when  the  products  obtained  by 
multiplying  the  specific  heat  into  the  molecular  numbers  are  com- 
pared, this  product  generally  increases  as  the  molecular  weight 
increases,  and    in   the    homologous    series  of  the    alcohols,  the 

*  This  may,  perhaps,  be  rendered  more  clear  by  an  example: — The 
specific  heat  of  chloride  of  barium  is  0*08^57 ;  if  it  oe  represented  by  the 
formula  BaCl,  with  an  atomic  weight  104*0,  its  atomic  heat  will  be  o*o89£;7X 
104=9-315:  whereas  if  it  be  represented  as  5a"Clj,  with  an  atomic  weight 
208,  its  atomic  heat  will  be  just  double,  or  18*63.  In  the  first  case,  the 
molecule  of  the  salt  is  supposed  to  be  diatomic,  or  to  contain  2  atoms  of  itf 
constituents ;  in  the  secona  it  is  represented  as  triatomic,  or  as  containing 
3  atoms.  The  quotient  obtained  by  dividing  the  atomic  heat  by  the  nnmbef 
of  atoms  in  the  molecule  will  of  course  be  dinerent  in  the  two  oases :— 
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btty  acids,  mnd  the  ctben,  the  increMe  is  Kbont  '  for  each  ad- 
dition of  CHj  in  the  molecnle  of  tbe  compoand.  In  the  case  of 
Kme  metameric  bodin,  sadi  as  the  acetate  of  metbTl  and  formiate 
al  eth^l,  the  noiBben  for  their  atoanie  heats  are  alike ;  and  ether, 
wfaiefa  haa  the  same  atomic  Toininc  as  the  oomponndf  jnet  mentioned, 
has  the  same  atomic  hext,  tboogfa  it  is  not  metameric  with  them. 
Specie  Beat  of  Orgtaae  Ligttid$. 


iBpaial 

Hole. 

5«= 

A1.BhI. 

y^x 

ajsi", 

O-  ■>. 

»«,!* 

Vacta. 

WalCT     

c,Ko 

r8 

I -000 

1800 

Wood  Spirit 

33 

"645 

3064 

Alcohol 

46 

0-6,5 

3829 

Amylic  Alcohol     ... 

Sh^o 

88 

0564 

4963 

Elb-1      

143 

■.■306 

133-45 

FomieAad  ...     ^. 

46 

<>■& 

3465 

AMticAcid    

60 

0509 

3P'$* 

Butyric  Acid 

88 

0503 

Z-26 

Ether      

74 

»a03 

37'3J 

AuMaleofUethyl... 

cH.a, 

74 

0507 

3753 

Fomiateof  Elhyl-.- 
Acel-JeofElbyl  ... 

c^S 

U 

:-i;i 

3796 

49-'3 

BuljrateofMethjI.. 

103 

0-487 

ValeraU  of  Methvl.. 

e,H„o, 

116 

0-491 

&fi 

Ox>lic  Ether 

H« 

o"437 

Acetone 

58 

0530 

3074 

BeaZfA     

P 

0450 

35' "o 

OilofMuitard      ... 

99 

0-433 

4377 

>» 

63-51 

Laiati  Heat. 

(174)  Disappearance  0/  Heal  during  lAtpi/efactum. — When 
matter  passes  from  the  solid  into  the  liquid  state,  or  from  the 
liquid  into  the  aeriform  state,  heat  in  large  quantity  disappeafB, 
and  cesses  for  the  time  to  affect  the  thermometer;  hence,  this 
modiHcatiou  of  heat  is  ealled  hUeai  heat.  For  example,  when  a 
Inmp  of  ice  at  32°  is  brought  into  a  varm  room,  it  gradually 
thava  and  is  converted  into  mter;  but  neither  tbe  ice,  nor  the 
water  in  contact  vith  it  rises  in  temperature.  So  long  as  any 
portion  of  tbe  ice  remains  unmelted,  the  Vater  continues  to  indi* 
cato  the  temperature  of  32°,  as  does  also  the  ice.  Again,  a  pound 
of  water  at  212°,  mixed  with  a  pound  of  water  at  33°  gives  two 
pounds  of  water  at  t32°,  which  is  the  mean  temperature;  but  a 
pound  of  ice  at  33°,  mixed  with  a  pound  of  water  at  312°,  gives 
two  pounds  of  water,  of  which  the  temperature  is  only  51°. 

In  this  case  the  water  has  lost  16)'',  whilst  the  ice  has  gained 
only  19";  so  that  142°  have  disappeared,  or  have  become  latent. 
Hence,  i^^^^^kfepaTort  a  pound  of  ice  at  3 2°  into  water  at  32°, 
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heat  sufficient  to  raise  142  lb.  of  l^ater  from  32^  to  33^  is  needect 
This  heat,  however,  is  not  lost,  for  if  the  progressive  cooling  of 
water  be  observed  in  an  atmosphere  many  degrees  below  the 
freezing-point,  it  will  be  found  that  the  temperature  of  the  liquid 
sinks  regularly  until  it  reaches  32®,  when  it  becomes  stationary, 
and  freezing  begins ;  the  heat  being  supplied  from  that  which  is 
latent  in  the  water.  As  soon  as  the  whole  has  become  solid,  the 
thermometer  again  shows  that  the  temperature  of  the  mass  sinks, 
until  at  length  it  reaches  that  of  the  surrounding  iir.  Some 
idea  of  the  quantity  of  heat  that  is  required  to  convert  ice  into 
water,  without  any  apparent  rise  in  temperature,  may  be  formed 
from  the  fact  that  the  simple  conversion  of  a  cube  of  ice  three 
feet  in  the  side  into  water,  also  at  32°,  would  absorb  the  whole 
heat  emitted  during  the  combustion  of  a  bushel  of  coal.  (Fara- 
day.) Pouillet  has  calculated  that  the  whole  of  the  heat  of  the 
sun's  rays  which  fall  upon  the  surface  of  the  earth  in  the  course  of 
twelve  months,  would  be  expended  in  melting  a  layer  of  ice  which 
covered  the  entire  surface  of  the  globe  for  a  thickness  of  104  feet. 

This  large  amount  of  heat  latent  in  water,  which  is  given 
forth  as  it  freezes,  ftirnishes  a  source  of  heat  of  the  greatest  value 
in  mitigating  the  severity  of  any  sudden  setting- in  of  frost,  as  the 
very  act  of  freezing  moderates  the  effect  of  the  depression  of  tem- 
perature on  surrounding  objects,  and  renders  the  transition  from 
heat  to  cold,  and  of  course  the  converse  fix3m  cold  to  heat,  more 
gradual  and  uniform.  Another  very  important  purpose  is  at- 
tained by  this  gradual  liquefaction  of  ice :  but  for  this  contrivance 
the  ice  that  had  accumulated  during  a  long  winter  would  at  the 
first  breeze  from  the  south  be  instantly  converted  into  water,  and 
sweep  before  it,  not  merely  the  habitations  of  man  and  their 
tenants,  but  trees,  rocks,  and  hills.  Such  fearftd  catastrophes  do. 
now  and  then  occur,  when  a  volcano  such  as  Etna  pours  forth  a 
stream  of  lava  over  its  snow-clad  sides :  the  flood  that  then  ensues 
is  even  more  destructive  than  the  fiery  torrent  itself.  The  latent 
heat  of  water  is  greater  than  that  of  any  other  body,  but  in  all 
cases  of  liquefaction  there  is  a  similar  disappearance  of  heat ;  the 
quantity  which  becomes  latent  varying  with  the  nature  of  the 
substance. 

Person  {Ann.  de  Chimie,  III.  xxi.  333,  and  xxiv.  265)  has  de- 
termined the  latent  heat  absorbed  during  the  ftision  of  a  consider- 
able number  of  bodies,  and  he  concludes  that  the  latent  heat  of 
fusion  is  obtained  by  multiplying  the  difference  between  the  specific 
heat  of  the  substance  in  its  liquid  and  its  solid  form  by  a  number 
obtained  by  adding  the  number  256^  (an  experimental  constant 
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fumislied  by  researches  upon  the  latent  heat  of  water)   to  the 
melting-point  °F.  of  the  substance  in  question.* 

Table  of  Latent  Heat  of  liquids. 


Name  of  Substaooe. 

"P. 

Water  :=  I. 

' » mcr    •<•      •••      t»*      t»< 

14265 

I'OOO 

Kitrate  of  Sodium 

"3*34 

0794 

Nitrate  of  Potaasiom  ... 

85-26 

0*598 

Zinc       ...     . 

50*^3 

o*3§5 

Silver    

37*92 

0-265 

Tin 

2565 

0179 

Cadmiam 

24*44 

OI71 

Bismuth 

22*75 

0*159 

Sulphur 

16*85 

OI18 

Lead      

9*65 

0*067 

Fhosphorna  .. 

9*05 

0063 

Mercury 

5*" 

0*035 

The  numbers  in  the  second  column  of  the  table  represent  the 
number  of  degrees  of  temperature  that  an  equal  weight  of  water 
wotdd  be  raised  by  the  passage  of  each  of  the  bodies  enumerated, 
from  the  liquid  to  the  solid  state,  or  they  may  be  taken  as  the 
number  of  pounds  of  water  that  would  be  raised  i®  of  Fahrenheit 
by  the  heat  emitted  during  the  congelation  of  one  pound  of  each 
of  the  substances  included  in  the  table. 

(175)  Freezing-Mixturea. — The  chemist  avails  himself  of  the 
fact  that  heat  disappears  during  liquefaction,  for  the  purpose  of 
procuring  artificial  cold :  the  action  of  freezing-mixtures  depends 
upon  this  principle.  Many  salts  while  undergoing  solution  pro- 
duce a  very  considerable  reduction  of  temperature.  For  example : 
4  ounces  of  nitre  and  4  of  sal-ammoniac,  each  in  fine  powder, 
when  mixed  with  8  ounces  of  water,  reduce  the  thermometer  from 
50®  to  io°.  Equal  parts  of  nitrate  of  ammonium  and  water  reduce 
the  temperature  from  50°  to  4®.  So,  likewise,  equal  parts  of  water, 
of  powdered  crystallized  nitrate  of  ammonium,  and  of  carbonate 
of  sodium,  also  crystallized  and  in  powder,  effect  a  reduction  from 
50*^  to  — 7®.     In  like  manner,  the  solution  of  crystallized  sulphate 


*  If  /=  the  latent  heat»  d  the  difference  of  the  specific  heat  in  the  liquid 
and  in  the  solid  state,  t  the  melting-point  on  Fahrenheit's  scale,  the  latent 
heat  may  be  calculated  by  the  formula 

(256  -f  0  <^  =  ^. 

The  results  obtained  with  the  metals  do  not  accord  with  Person's  theory, 
as  the  difference  of  their  specific  heats  in  the  solid  and  liquid  states  is  very 
trifling ;  but  for  other  bodies  the  result  calculated  corresponds  pretty  closely 
wiUi  that  furnished  by  experiment.  If  Person's  view  be  correct,  a  consequence 
which  he  ingeniously  draws  from  it  is,  that  the  absolute  4Eero  of  temperature 
would  M  at  — asd""  F» 
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of  sodium  in  commercial  hydrochloric  acid  is  attended  with  a 
rapid  reduction  of  temperature ;  this  mixture  is  employed  in  the 
common  refrigerators,  5  parts  of  the  acid  being  poured  upon 
8  parts  of  the  salt  reduced  to  powder :  the  temperature  may  thus 
be  reduced  from  50°  to  o^. 

The  most  convenient  mixture,  however,  when  procurable,  con- 
sists of  2  parts  of  pounded  ice  (or,  better  stiU,  of  fresh  snow)  and 
I  part  of  common  salt.  A  steady  temperature  of  — 4°  F.  can  by 
its  means  be  maintained  for  many  hours.  Again,  a  mixture  of  3 
parts  of  crystallized  chloride  of  calcium  and  2  of  snow  will  produce 
a  cold  sufficient  to  freeze  mercury ;  if,  before  making  the  mixture, 
both  the  vessel  in  which  the  experiment  is  to  be  performed  and  the 
cliloride  be  cooled  to  32°,  such  a  mixture  will  cause  a  thermometer 
when  plunged  into  it  to  fall  to  — 50°. 

Even  during  the  liquefaction  of  a  metallic  alloy  by  quicksilver, 
the  same  fact  is  observed ;  thus  an  alloy  may  be  formed  by  melting 
together  207  parts  of  lead,  118  parts  of  tin,  and  208  parts  of 
bismuth ;  if  this  be  granulated,  by  pouring  it,  when  melted,  into 
water,  it  may  be  dissolved  in  1600  parts  of  mercury,  and  will  cause 
a  thermometer,  if  immersed  in  it,  to  sink  from  63°  to  14°. 

It  is  owing  to  this  absorption  of  heat  during  the  liquefaction 
of  solids,  that  not  only  in  the  melting  of  ice,  but  in  the  much 
higher  temperatures  required  for  the  ftision  of  many  of  the  metals, 
the  temperature  remains  stationary  so  long  as  any  portion  of  the 
mass  remains  unmelted ;  the  excess  of  heat  is  transferred  to  the 
unmelted  solid  by  conduction,  and  is  rapidly  absorbed  by  it  during 
its  liquefaction. 

The  fusing-point  of  a  mixture  of  analogous  bodies  is  generally 
c:)nsiderably  below  that  of  either  of  its  separate  components. 
Thus  alloys  often  have  a  melting-point  much  below  that  of  any  of 
tie  metals  which  enter  into  their  formation,  as  is  seen  in  the  case 
of  fusible  metal.  It  has  long  been  practically  known  to  the  glass- 
miker  and  the  metallurgist  that  mixtures  of  various  silicates  ftise 
at  i  temperature  far  below  that  required  to  melt  any  of  them  alone. 
A  similar  increase  of  fusibility  is  observed  when  many  of  the 
chlorides  are  mixed  together  before  exposing  them  to  heat.  A 
mi^ure  of  equivalent  quantities  of  carbonate  of  sodium  and  car- 
bonite  of  potassium  melts  below  the  fusing-point  of  either  salt 
separately,  and  is  often  used  to  effect  the  ftision  of  siliceous  minerals 
in  analysis.  Schaffgotsch  found  that  acetate  of  potassium  melta 
at  5ji8°,  acetate  of  sodium  at  606®,  but  a  mixture  of  the  two  salts 
in  eqiivalent  proportions  ftises  at  435^-  In  like  manner  nitrate 
of  poassium  melts  at  642^^  nitrate  of  sodium  at  591^1  but  » 
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mixttire  of  the  two  salts  in  eqmvalent  proportions  liquefies  as  low 
as  429^^  or  16:2^  below  the  melting-point  of  the  most  Aisibleof  the 
two  salts. 

A  mixture  of  crystallizable  &Jtty  acids  also  commonly  melts  at 
a  temperature  below  that  of  either  when  separated. 

The  following  table  contains  the  temperatures  at  which  several 
iubstances^  metallic  and  non«metallic,  enter  into  fusion : — 

Table  of  IktHnff-Points. 


Kame  of  SaboUnoe. 

•P. 

Authority. 

Mercury     

Oil  of  Vitriol     ... 

—39 

Hutobins 

—30 

^gnault 

BromiDe     

9*5 

Pierre 

xce       ...     ...     ..t 

33 

Phoflphomt 

111-5 

Scbrotter 

Potassium 

136 

Segnault 

Yellow  War      ... 

143'^ 

Person 

SodinoL       

3077 

Begnault 

Iodine 

3240 

Gkiy-Lussac 

Sulphur      

339 

A  m       ...     ...     ... 

451 

Bismuth     

512 

•  Person 

Nitrate  of  Sodium 

591 

AjkuCL     ...      •••      ... 

620 

Nitrate  of  Potassium 

642 

4 

Zinc 

773 

y 

Oliver ...     ...     ... 

1773 
1996 

2010 

Copper       

Gold    

-  Daniell 

Cast  Iron   

2786 

Wrought  Iron  ... 

(     above 
(     3280 

i 

The  melting-point  of  ice  is  perfectly  stationary*  at  32^;  bit 


*  Prof.  W.  Thomson,  in  confirmation  of  the  results  anticij^ted  from  a 
mathematical  investigation  made  by  his  brother,  and  communicated  to  iie 
Boyal  Society  of  Edmburgh,  January,  1850,  found  experimentally  that  the 
fraeiing-point  of  water,  a  liquid  which  expands  at  the  moment  of  congelation, 
is  lowered  to  a  minute  but  measurable  extent  by  exposing  the  watei  to 
pressure.  Some  preliminary  experiments  showed,  that  for  a  pressure  of  8*1 
atmospbores,  the  point  of  congelation  was  lowered  0^*106  F. :  by  a  presmre 
of  i6'8  atmospheres  it  was  reduced  0*^232.  Bunsen,  on  the  other  hand,  fnmd 
the  melting-point  of  paraffin  and  of  spermaceti  to  be  raised  by  increasing  the 
pressure.  Spermaceti,  for  instance,  solidified  at  1 17^9  under  the  atraospierio 
pressure,  but  under  a  pressure  of  150  atmospheres  it  solidified  at  123^*6 ;  both 
these  bodies  contract  at  the  moment  of  solidification,  and,  as  had  been  ntici- 
pated  by  Thomson,  the  melting-point  was  raised.  Hopkins  found  tUs  to 
Aold  good  for  still  higher  pressures;  his  experiments  comprised  not  only 
■permaceti,  but  also  wax  and  stearin.  The  experiments  of  Mousson  (Am,  Je 
Ukimie  III.  Ivi.  256)  upon  this  point  are  very  remarkable.  He  contriisd  au 
apparatus,  in  which  he  was  able  to  subject  ioe  to  a  pressure  which  he  estmated 
ft  13000  atmospheres,  and  by  which  its  bulk  was  reduced  by  13  hundrdths  of 
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water  which  contains  salts  in  sdutioa  has  a  lower  point  of  con- 
gelation. Sea-water,  for  example,  freezes  at  a7°'4,  the  Bait  sepa- 
rating, and  pure  water  floating  in  the  form  of  ice ;  whilst  water 


that  which  it  ooeapied  at  32°.  He  foond  ttat  under 
th»  eDormous  preiiure  ice  frozen  at  31°  remelted, 
and  cODtioued  hquid  at  0°  F.  This  apparatoi  con- 
sisted of  ft  (teel  piaton,  a,  &g.  115,  in  the  axis  of 
which  a  cjliodrical  cavitj,  b,  was  drilled.  Thia 
caviW  was  closed  below  bj  a  eooical  upper  plu^./. 
whicn  iras  kept  in  its  place  bj  the  icren,  a.  AbOTO, 
the  cavity  was  made  aligbtly  coaical,  and  tc  it  wu 
fitted  the  copper  core,  e,  upon  which  the  steel  piston, 
B,  rested,  and  could  be  preased  doim  with  enor- 
Doos  force  bj  means  of  the  screw  h,  worked  hj  a 
lever  attached  to  the  acrew  F.  In  making  the  ex- 
periment, the  apparatus  was  closed  at  top ;  it  was 
then  inverted,  and  a  loose  oopper  rod,  d,  was  intro- 
duced, after  which  it  was  filled  up  to  c  with  water, 
and  subjected  to  a  low  temperature.  As  soon  as 
the  water  was  completely  frozen,  the  plug  f  was 
introduced,  and  the  apparatus  seourely  closed.  It 
was  then  restored  to  its  usual  position,  and  immersed 
in  B  freezing  mixture  at  ~  4°  F.  After  allowing  it  to 
acquire  this  low  temperature,  the  greatest  degrea 
of  compression  which  could  ba.  applied  was  brought 
to  bear  upon  the  ice  within.  This  ice  was  thut 
liquefied,  and  the  copper  rod,  d,  was  found  to  have 
fallen  to  the  bottom  of  the  teatar,  which  immediatelj 
solidified  again  on  relaiinD' the  pressure. 

Mr.  Sorby  (Proreed.  lioyat  Soc.,  vol.  lii.,  April 
30th,  1S63)  has  made  some  interesting  observations 
upon  the  influence  of  pressure  upon  the  solubility 
01  salts,  in  which  he  has  obtained  results  analogoui 
to  these  upon  the  freeziDg-point  of  liquids.  H* 
flnda  in  cases  where,  as  is  usual,  the  volume  of  the 
water  and  of  a  salt  after  solution  is  less  than  the 
volume  of  the  water  and  the  salt  separately,  that  the 
Bolubilitv  is  increased  by  pressure;  but  that  is 
cases  where,  as  when  sal-ammoniac  is  dissolved  in 
water,  the  bulk  of  the  solution  is  greater  than  that 
of  the  water  and   the   salt   taken   separatelv,  the 

solubility  is  lessened  by  a  small  but  measuranle  amount.  For  sal-ammoniao 
this  diminution  for  a  pressure  <rf  loo  atmospheres  ia  equal  to  0637  per  cent, 
of  the  quantity  of  the  salt  in  solntion.  Mr.  Sorby  oalaulatei  that  the  force 
with  which  this  salt  tends  to  dissolve  in  a  solution  containing  i  per  cent  less 
than  would  be  dissolved  without  prenure  is  suoh,  that  any  unit  of  salt  would 
ia  dissolving  give  rise  to  a  mechanical  force  equal  to  thaC  required  to  raise 
171  times  its  own  weight  to  the  height  of  one  metre. 

On  the  contrary,  salts  which  expand  in  orystallialng  from  lolutioa  most, 
under  pressure,  overcome  mechanit^  resistance  in  that  change,  and  as  thii 
resistance  is  opposed  to  the  force  of  orystal ligation,  the  salt  is  rendered  more 
soluble.  The  extent  of  the  influence  of  preasure,  and  the  meohanloal  value  of 
tiie  force  of  crystalline  polarity,  vary  in  different  salts.  Thua  a  pressure  of 
100  atmospheres  would  increase  the  solubility  of  oryatalliEed  aolphate  of 

Zper  as  much  as  3'i83  per  cent.,  whereas  it  would  increase  the  solubility  of 
iride  of  sodium  to  the  ext«nt  of  only  0*419  per  cent.  The  force  with 
which  this  latter  salt  tends  to  orvstalliie  from  a  solution  containing  i  pet 
cent,  more  than  would  be  diasolvea  withoat  fressure  is  such,  that  an;  unit  «f 
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which  is    saturated  with  sea-salt    sinks  as  low  as  — 4*^  before 
freezing.* 

Budorff  [Pogg.  AnnaL  cxiv.  63)  finds  that  in  saline  solutions 
generally,  the  freezing-point  is  below  that  of  pure  water,  but  the 
degree  to  which  it  is  lowered  varies  with  the  nature  of  the  salt 
employed.  Almost  the  only  salts  which  are  well  adapted  to  this 
inquiry  are  the  chlorides  and  nitrates  of  the  metals  of  the  alkalies 
and  alkaline  earths,  as  few  other  salts  possess  the  requisite  solu- 
bility at  low  temperatures.  In  the  case  of  salts  which  furnish 
anhydrous  crystals,  so  far  as  can  be  judged  from  the  limited 
number  of  salts  submitted  to  experiment,  the  depression  of  tem- 
perature is  directly  proportional  to  the  quantity  of  salt  present  in 
the  liquid.  For  example,  successive  additions  of  i  per  cent,  of 
each  of  the  following  salts  produce  a  successive  reduction  of  the 

freezing  to  the  following  extent : — 

°F. 

Sal-ammoniac  •     •     •     •     •     •     •  1*175 

Chloride  of  sodium 1*080 

Chloride  of  potassium       .     .     .     .  0797 

Nitrate  of  ammonium      ....  0*691 

Nitrate  of  sodium 0666 

Carbonate  of  potassium    •     •     •     •  0*570 

Nitrate  of  calcium      •     •     •     •     .  0*498 

Nitrate  of  potassium 0*480 

It  would  appear  that  salts  which  crystallize  with  water  cause 
a  depression  in  proportion  to  the  amount  of  hydrated  salt  dis- 
solved. Chloride  of  calcium  occasions  a  depression  of  the  freezing- 
point  of  0*^*405  F.  for  each  addition  of  i  per  cent,  of  the  salt 
CaClj  +  dHjOj    chloride  of  barium  a  depression  of  0^*345  F.  for 


salt  in  dissolving  would  give  rise  to  a  mechanical  force  sufficient  to  raise  157 
times  its  own  weight  to  the  height  of  one  metre ;  whereas,  in  the  case  of 
sulphate  of  copper,  this  force  is  only  sufficient  to  raise  7  times  its  own  weight 
to  the  same  height.  Of  course,  if  the  solutions  were  still  more  supersaturated, 
the  force  of  crystallization  woiild  be  greater,  and  vice  versd. 

*  Mr.  Walker,  who  accompanied  M'Clintock  in  the  ^(xr,  made  numerous 
observations  on  the  freezing  of  sea-water  in  the  Arctic  regions.  He  found 
that  when  the  temperature  fell  below  28^*5,  ice  began  to  form,  at  first  as  a 
thin  pellicle,  which  gradually  acquired  a  vertically  striated  appearance  as  it 
increased  in  thickness,  plumose  saline  crystals  separating  upon  the  surface  of 
the  ice.  Although  he  observed  the  formation  of  ice  from  sea-water  at  all 
temperatures  between  28^*5  and  —  42^,  he  never  from  this  source  ootdd 
obtain  ice  which  on  melting  furnished  fresh  water.  The  purest  ice  was  that 
formed  at  the  lowest  temperature,  but  even  that  when  melted  furnished 
water  of  sp.  jpr.  1*005.  ^®  re-melted  the  ice  from  sea- water,  and  froze  it 
again,  repeatmg  the  operation  several  times  upon  the  same  portion  of  water^ 
but  never  by  this  means  suooeeded  in  obtaining  water  of  less  density 
than  i'ooa« 
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each  addition  of  i  per  cent,  of  the  compound  Ba  Cl^-f  6HjO. 
Chloride  of  sodium  crystallizes  below  14°  F.  with  aH^O ;  but  these 
crystals  are  rapidly  dehydrated  as  soon  as  the  temperature  rises 
above  that  point :  it  is  remarkable  that,  for  all  temperatures 
above  14°,  the  depression  of  the  freezing-point  is  proportional  to 
the  quantity  of  aiihy droits  salt  in  the  solution,  but  below  14°  it  is 
proportionate  to  the  addition  of  the  hydrated  salt  NaCl  +  aHgO, 
the  depression  being  equal  to  0*614*^  F.  for  every  addition  of  i  per 
cent,  of  this  hydrate  to  the  solution. 

In  the  process  of  freezing  as  it  usually  occurs  in  nature,  the  act 
of  solidification  goes  on,  not  continuously,  but  in  successive  layers, 
and  in  the  intervals  between  these  layers  is  a  stratum  of  ice  slightly 
more  fusible  than  the  mass  either  above  or  below.  This  is  beau* 
tifully  seen  by  placing  a  block  of  homogeneous  transparent  ice, 
such  as  that  from  the  Wenham  Lake,  in  the  sun's  rays  after  con* 
ccntrating  them  by  a  large  convex  lens.  Immediately  that  this  is 
done,  the  interior  of  the  mass  becomes  filled  with  little  flower*, 
shaped  figures,  each  flower  having  six  petals,  evidently  composed 
of  water,  while  in  the  centre  is  a  spot  which  shines  with  metallic 
brilliancy,  and  which  looks  like  an  air-bubble,  but  is  reaUy  a  space 
filled  only  with  aqueous  vapour,  and  produced  in  consequence  of 
the  circumstance  that  water  occupies  a  smaller  bulk  thau  the  ice 
which  furnished  it.  These  little  flowers  occur  in  horizontal  planes 
parallel  to  the  surface  of  congelation.* — (Tyndall,  PhiL  Trans. 
1858,  2%o.)  Faraday  has  suggested  what  seems  to  be  a  very  pro- 
bable explanation  of  these  successive  planes  of  freezing,  viz.,  the 
separation  of  saline  particles,  from  each  layer  of  water  as  it  is 
frozen,  (71)  so  that  the  salts  accumulate  below  the  stratum  first 
frozen,  and  form  a  very  dilute  saline  solution,  the  freezing-point  of 
which  is  a  fraction  of  a  degree  below  that  of  pure  water;  this  thin 
stratum  when  frozen  ftirnishes  a  layer  of  ice  more  fusible  than  the 
rest ;  a  fresh  layer  freezes  beneath,  gradually  excluding  its  saline 
particles,  which  again  accumulate  below,  forming  a  fresh  more 
fusible  layer,  and  so  on  successively. 

(176)  Revelation  of  Ice, — It  was  remarked  a  few  years  ago  by 
Faraday,  that  when  two  pieces  of  ice  at  3:1°,  with  moistened  surfaces, 
are  placed  in  contact,  they  freeze  together,  and  manifest  the  phe- 
nomenon thence  designated  as  the  regelation  of  ice ;  whereas,  if 
the  surfaces  be  dry,  they  do  not  cohere.     It  is  owing  to  this  cir- 


*  In  certain  exceptional  cases  this  parallelism  is  disturbed.  Probably 
this  is  dae  to  the  breaking-up  of  the  original  floe,  and  ooosolidation  of  its 
fragments  irregularly,  by  sabseqnent  regelation. 
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cumstance  that  durmg  a  thaw  the  particles  of  snow  cohere  firmly 
into  a  solid  lump^  whilst  during  a  frost  there  is  difficulty  in  forming 
the  dry  particles  into  a  compact  mass.  This  regelation  of  ice  will 
occur  when  the  sur&ces  of  the  blocks  are  in  contact^  even  though 
the  external  air  may  be  at  a  temperature  of  80°  or  90^,  or  even 
when  the  ice  is  immersed  in  water  at  this  temperature.  Certain 
solids^  as  flannel^  hair^  or  cotton^  will  freeze  to  ice  even  in  a  warm 
atmosphere,  though  others,  such  as  saline  substances^  gold  leaf, 
and  the  metals  will  not  thus  freeze  to  it.  Tyndall  has  followed 
up  these  observations,  and  made  some  interesting  experiments  and 
deductions  from  them.  He  took  a  sphere  of  transparent  ice,  and 
placed  it  in  a  warm  room  under  a  small  hydraulic  press  between  two 
pieces  of  boxwood  hollowed  out  so  as  to  form  a  flattened  lenticular 
cavity.  The  ice  broke,  but,  on  continuing  the  pressure,  it  froze 
again,  and  in  less  than  a  minute  was  converted  into  a  flattened 
transparent,  lenticular  mass.  This  mass  was  in  turn  placed  in  a 
shallow  cylindrical  cavity  of  boxwood  and  again  submitted  to 
pressure,  again  it  was  crushed  and  became  reduced  to  the  form  of 
a  flat  transparent  cake ;  and  this  again  was  placed  in  a  hemisphe- 
rical cavity  in  the  wood  and  subjected  to  the  pressure  of  a  hemi- 
spherical plug  which  fitted  the  cavity;  a  third  time  it  was 
crushed,  and  after  a  few  seconds  it  fix)ze  again  into  a  transparent 
cup  of  ice.*  Tyndall  considers  that  upon  the  theory  that  heat  is 
the  result  of  vibratory  motion,  the  liquefkction  of  ice,  when  per- 
fectly homogeneous,  must  necessarily  take  place  more  easily  upon 
the  surface  than  within  the  mass ;  and  conversely  the  freezing  of 
a  thin  layer  of  water  between  two  masses  of  ice  should  occur 
more  readily  than  upon  the  surface  of  a  single  mass,  and  hence 
he  attempts  to  account  for  regelation.     The  explanation  appears, 


*  These  observations  have  been  ingeniously  applied  bj  Tyndall  to  aeeoant 
for  the  motion  of  glaciers.  These  frozen  rivers  of  ice,  in  descending  from  the 
mountain  sides,  constantly  have  to  force  their  way  through  contracted  gorges 
in  the  rock,  and  gradually  flow  onwards,  melting  away  at  their  base,  whilst 
fresh  portions  of  ice  are  forced  downwards  from  the  upper  regions  of  the 
mountain  by 'the  weight  of  the  superincumbent  ice.  It  was  ascertained  by 
Prof.  J.  D.  Forbes,  m  a  series  of  beautiful  observations,  that  during  the 
descent  of  the  glacier  through  its  channel,  the  central  portions  of  the  mass 
move  more  quickly  than  the  portions  on  its  sides :  una  he  likened  the  flow 
to  the  descent  of  a  viscous  liquid,  and  propounded  what  has  been  known  as 
the  viscous  theory  of  glacier  motion.  Viscosity,  however,  is  not  a  property 
which  is  exhibited  by  ice;  and  Tyndall  (Phil.  Trtms.,  1857)  has  shown  that 
all  the  phenomena  of  glacier  motion  are  accurately  accounted  for  by  this 
process  of  crushing,  and  subsequent  regelation  into  solid  transparent  ice. 
Graham,  however,  suggests  that  ice  may  exist  in  two  conditions — tne  crystal- 
line, which  is  brittle,  and  the  vitreous  or  colloid,  in  which  it  possesses  a 
certain  viscosity.  {PkiL  Trans.,  1861,  p.  222,)  This  view,  however^  as  yet 
remains  unsupported  by  direet  experimeoti. 
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however,  to  be  insufl&cient ;  since^  if  true  for  ice,  it  should  hold 
good  for  all  substances  solidifying  after  fusion,  when  two  portionar 
of  the  solid  are  brought  into  contact  beneath  the  still  liquid  mass ; 
and  it  offers  no  explanation  of  the  freezing  of  ice  to  flannel,  which 
apparently  is  due  to  the  same  cause  as  the  freezing  of  ice  to  ice. 
It  has  been  supposed  that  the  masses  of  ice  are  colder  within  than 
at  the  surface,  and  hence  that  regelation  is  the  result  of  the  ab- 
sorption of  heat  by  the  internal  portions.  Tyndall  has,  however, 
proved  conclusively  that  this  hypothesis  is  at  variance  with  facts, 
and  is  indeed  impossible  from  the  conducting  nature  of  ice  itselfl 
The  ingenious  theory  of  James  Thomson,  that  regelation  is  due  to 
the  lowering  of  the  freezing-point  by  the  mutual  pressure  of  two 
masses  of  ice,  and  that  the  absorption  of  heat  due  to  this  liquefac- 
tion freezes  the  contiguous  layer  of  water,  is  also  quite  inadequate 
to  account  for  the  effect,  even  if  pressure  were  a  necessary  element 
in  effecting  regelation,  which  Faraday  and  others  have  shown  it 
is  not.  At  present  therefore  the  phenomenon  needs  further 
elucidation. 

(177)  Evolution  of  Heat  during  Solidification. — ^When  liquids 
return  to  the  solid  form,  their  latent  heat,  or  heat  offlfuidity,  as  it 
is  sometimes  called,  is  again  given  out.  Water,  if  undisturbed, 
may  be  cooled  down  in  a  narrow  tube  even  20°  below  the  freezing- 
point  without  congealing ;  but  the  least  agitation  causes  a  por* 
tion  to  solidify  suddenly,  and  the  latent  heat  emitted  at  the 
moment  by  the  portion  which  freezes  raises  the  temperature  of 
the  whole  mass  to  32°.  According  to  Dufour,  this  cooling  of 
water  below  its  freezing-point  is  easily  effected  by  suspending  the 
water  in  the  midst  of  a  liquid  of  the  same  density  as  itself,  such 
as  a  mixture  of  chloroform  and  oil  of  almonds  in  suitable  propor- 
tions, and  exposing  them  to  the  cold  of  a  freezing-mixture :  contact 
with  a  fragment  of  ice  causes  the  instant  solidification  of  the 
water,  though  agitation,  or  stirring  with  a  metallic  rod,  does  not 
always  do  so.  In  like  manner  sulphur,  or  phosphorus,  if  sus- 
pended in  solution  of  chloride  of  zinc,  remains  liquid  many  degrees 
below  its  point  of  solidification  until  touched  with  a  fragment  of 
its  own  substance.  Acetic  or  sulphuric  acid,  as  well  as  several 
other  substances,  admits,  like  water,  of  being  cooled  down  several 
degrees  below  its  point  of  solidification;  but  if  agitated,  or  if 
touched  with  a  portion  of  its  own  substance  in  the  solid  form,  it 
immediately  solidifies  with  evolution  of  heat. 

A  similar  extrication  of  heat  occurs  when  a  supersaturated 
solution  of  sulphate  of  sodium  (73)  is  made  to  crystallize  suddenly 
by  agitation,  t^e  mass  beooming  seneibfy  warm  to  the  hand.    The 
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solidification  of  metallic  bodies  is  attended  with   a  like  evolution 
of  heat. 

(178)  Disappearance  of  Heat  during  the  Formation  of  Vapour. 
— In  the  change  from  the  liquid  to  the  gaseous  state,  the  disappear- 
ance of  heat  is  found  to  occur  to  an  extent  still  greater  than  in  the 
liquefaction  of  a  solid.  A  vessel  containing  water,  such  as  the  boiler 
of  a  common  still,  placed  over  a  source  of  heat  which  is  tolerably 
uniform  in  temperature,  receives  in  equal  times  nearly  equal  acces- 
sions of  heat ;  the  water  at  first  rises  steadily  in  temperature,  but 
at  length  it  boils,  and  the  thermometer  becomes  stationary ;  no 
matter  how  much  the  heat  be  urged,  provided  that  the  steam  be 
allowed  to  escape  freely,  the  temperature  of  the  boiling  liquid 
cannot  be  raised  beyond  a  certain  point :  if  the  vapour  be  made  to 
pass  through  the  worm  of  the  still,  which  is  cooled  by  immersion 
in  water,  the  steam  will  transfer  part  of  its  heat  to  the  water  in 
the  condenser,  which  rises  rapidly  in  temperature,  whilst  the 
vapour  returns  to  the  liquid  form ;  but  the  quantity  of  water  that 
is  raised  in  the  worm-tub  to  nearly  212°  is  very  much  greater 
than  the  quantity  that  is  condensed  into  the  form  of  liquid  in  the 
receiver  of  the  still. 

The  large  amount  of  latent  heat  contained  in  steam,  renders 
it  possible  to  use  steam  as  a  convenient  and  economical  mode  of 
warming  buildings  and  apparatus  which  do  not  require  to  be 
raised  to  a  temperature  beyond  that  of  boiling  water.  In  practice 
it  is  found  convenient  in  warming  a  building  which  is  used  for 
domestic  purposes,  to  allow  one  square  foot  of  radiating  surface  in 
the  steam-pipe  for  every  200  cubic  feet  of  space  to  be  heated. 
This  estimate,  however,  is  liable  to  modification,  because  the 
greater  the  extent  of  radiating  and  conducting  surface  exposed  by 
the  windows  in  proportion  to  the  cubic  contents  of  the  apartment 
may  be,  the  more  rapid  is  the  loss  of  heat. 

The  maintenance  of  a  steady  temperature  which  cannot  rise 
above  212®,  is  often  required  in  the  laboratory  in  the  prosecution 
of  various  inquiries,  especially  in  such  as  relate  to  organic  che- 
mistry, and  for  this  purpose  a  small  steam-bath,  such  as  is  repre- 
sented at  I,  fig.  126,  is  extremely  useful;  it  may  also  be  employed 
to  assist  in  eflfecting  the  filtration  of  hot  liquids,  where  it  is  impor- 
tant to  maintain  their  high  temperature.  In  drying  organic  sub- 
stances, a  kind  of  double  oven,  or  hot  closet,  made  of  copper,  as 
exhibited  at  2,  is  a  convenient  mode  of  applying  heat ;  the  inter- 
val between  the  internal  and  external  plates  of  copper  is  filled 
with  water  which  is  heated  by  the  gas-flame  below ;  if  a  higher 
temperature  than  this  be  required,  the  interval  may  be  filled  with 
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oil ;  the  temperature  in  the  latter  caae  may  fee  regulated  by  a 
thermometer,  introduced  at  a ;  at  i  is  a  tube  for  the  escape  of 
vapour;  this  tube  communicates  with  the  drying  chamber. 


(179)  Ebullition. — The  gradual  absorption  of  heat  in  the  pas- 
sage from  the  liquid  to  the  gaseous  state  is  not  less  essential  to  the 
comfort,  aud  even  to  the  existence  of  man,  than  the  corresponding 
absorption  in  the  passage  &om  the  solid  to  the  liquid  condition. 
Were  it  otherwise,  every  attempt  to  boil  a  saucepan  or  a  flask  of 
water  or  other  liquid,  would  be  attended  with  explosion]  from  the 
sudden  formation  of  vapourj  the  moment  that  the  boiling-point 
was  attained. 

By  the  term  ebullition,  or  boiling,  is  meant  the  formation,  in 
any  liquid,  of  bubbles  of  vapour  of  an  elasticity  equal  to  that  of 
the  snperincurabent  atmosphere  at  the  time. 

Although  the  boiling-point  of  each  liquid,  caleris  parilms,  is 
always  fixed,  yet  different  liquids  raiy  quite  as  much  in  the  tem- 
perature at  which  this  change  occurs,  as  solids  do  in  their  points 
of  liquefaction.  This  is  shown  by  a  glance  at  the  following  table, 
which  contains  the  boiling-points  of  a  number  of  liquids,  recently 
determined  with  very  great  care,  reduced  to  the  atmospheric 
pressure  of  29'92  inches  of  mercury :  the  specific  gravities  of  the 
liquids  at  32°  P.  are  also  given. 

The  process  of  ebullition  may  be  beautifully  shown  in  a  com- 
mon glass  flask,  heated  from  below.  At  first,  bubbles  of  vapour 
are  formed  at  the  bottom  of  the  vessel ;  these  bubbles  are  con-. 
dcnscd  aud  disappear  with  a  peculiar  vibratory  sound  before  they 
reach  the  surface ;  at  length  the  temperature  of  the  whole  mass 
of  liquid  becomes  nearly  uniform,  and  the  bubbles  of  steanL  as 
they  are  formed  rise  to  the  surface  and  break,  knitting  a  perfectly 
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traiuiparentj  invisible  vapour^  which  does  not  become  condensed 
into  the  cloudy  form  commonly  but  erroneously  designated  as 
steam^  until  its  temp^ature  has  been  sufficiently  reduced  by  the 
external  air  to  bring  it  back  to  the  liquid  form  in  exceedingly 
minute  globules. 

Table  of  Boiling-Points  and  Specific  Gravities  of  Liquids. 
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•  •  t 


Salphuroat  Anhydride 
Chloride  of  Ethyl  .^ 
Bromide  of  Methyl  .,, 

Aldehjd     ^ 

Formiate  of  Melliyl ... 

£fther , 

Bromide  of  Ethyl 
Iodide  of  Methyl      . 
Bisolphida  of  Carbon 
Formio  Ether    ...    . 

AcetoAe      • 

Acetate  of  Methyl    . 
Chloride  of  Silicon 

Bromme     

Wood  Spirit     

Iodide  of  Ethyl        

Acetic  Ether     

Alcohol      

Terchloride  of  Phosphoms 
j3eiizox        ...     ...     ..•     ... 

Dutch  Liquid    

Baty rate  of  Methyl 

WfttAV 

Formic  Acid      

Butyric  Ether   

Perchloride  of  Tin    

Valerate  of  Methyl 

Acetic  Acid       

FooaelOil 

Bromide  of  Ethylene 
Terchloride  of  Arsenic    ..• 
Perchloride  of  Titanium  ... 

Bromide  of  Silicon « 

Butyric  Acid     

Sulphurous  Ether    

Teroromide  of  Phosphorus 

Sulphuric  Acid 

Mercury     .,< 


•»» 
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Sp.Gr. 
•t  3a«  P; 

AutlMirilj. 
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I*49"t 
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51*9 
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>» 
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»» 
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»t 

94*8 
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»t 
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Pierre 

1114 

3*1993 

»> 
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1*3931 

ft 

137*7 

09357 

»t 

133*3 

0*8144 

Kopp 

133*3 

0*9563 
1-5237 

ft 
Pierre 

145*4 

3*1873 

»» 

149*9 

0*8179 

Kopp' 

138-5 
164*9 

1*9755 
0*0069 
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Pierre 

9t 

173*1 

9$ 

176*8 
184*7 

1*6163 

»• 

0*8991 

Kopp 

1-3803 

Pierre 

304*0 

0*9309 

Kopp 

213*0 

1*0000 

ft 

331*5 

I -03671 

>* 

338*8 

0*9041 

t» 

340*3 

3*2671 

Pierre 

341*1 

0*9015 

Kopp 

243*1 

i*o6i9§ 

tt 

369*8 

08371 

Pierre 

370*9 

3*1639  1 

»» 

3730 
376*6 
3080 

3*2050 

99 
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3*8138 

tff 
tt 

314*6 

0*9886 

Kopp 

330*0 

1*1063 

Pierre 

347*5 

3-0349 
1-8540 

ft 

6400 

Marignao 

663*0 

13*5960 

Begnault. 

The  temperature  at  which  any  given  liquid  boils,  although 
perfectly  fixed  under  certain  conditions^  is  nevertheless  influenced 
bgr  several  circumstances^  such  as — i^  the  nature  of  the  vessel  in 
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which  it  is  boiled;  2,  the  presence  of  Fio.  127. 

matters  in  solution  in  the  liquid ;  and 
3,  and  most  importaait  of  all,  the  va- 
riation of  the  pressure  of  the  atmo- 
sphere upon  its  surface. 

The  boiling-point  of  a  liquid  con- 
stitutes one  of  its  most  important 
physical  characters,  and  is  often  the 
surest  guarantee  of  its  freedom  from 
admixture  with  other  bodies.  The 
use  of  a  simple  expedient  enables  the 
boiling-point  of  a  valuable  liquid  to 
be  determined  without  loss,  upon 
small  quantities  of  the  substance  under 
trial.  In  fig.  127,  f  is  a  small  flask 
which  contains  the  liquid^  /  the  ther'- 
mometer  passing  through  the  cork  c, 
and  enclosed  in  a  long  tube  e,  which 
fits  into  a  cork  adjusted  to  the  neck  of 
the  flask  f  ;  A  is  an  outer  tube  to 
prevent  the  premature   condensation 

of  the  vapour,  d  a  lateral  tube  for  carrying  off  any  part  of  the 
liquid  which  may  distil  over :  by  Urn  arrangement  the  bulb  and 
the  whole  stem  of  the  thermometer  i»  immersed  in  the  vapour 
of  the  boiling  liquid,  and  an  accurate  observation  may  be  made 
with  little  difficulty,  due  attention  being  paid  in  all  cases  to  the 
barometric  pressure  at  the  time. 

(180)  I.  Influence  of  Adhesion  an  the  Boiling-Point, — ^Adhe- 
sion of  the  liquid  to  the  surface  of  the  vessel  which  contains  it  has 
a  marked  cflect  in  raising  the  boiling-point.  In  consequence  of 
this  action,  water  sometimes  boils  at  214^  in  a  glass  vessel,  but 
the  temperature  falls  to  212^,  and  continues  to  boil  steadily  at  this 
point  if  a  pinch  of  metallic  filings  be  dropped  in«  If  the  interior 
of  the  vessel  be  varnished  with  shell-lac,  the  boiling  will  often  not 
occur  tUl  a  temperature  of  221°  is  reached,  and  then  will  take 
place  in  bursts,  the  temperature  fiEdling  to  212^  at  each  gust  of 
vapour.  So  again  the  presence  of  a  little  oil  elevates  the 
boiling-point  of  water  three  or  four  degrees.  The  experiments  of 
Donny  have  thrown  light  upon  some  of  the  causes  by  which 
ebullition  is  facilitated.  He  has  found  that  Hhe  presence  of  air  iu 
solution  singularly  assists  the  evolution  of  vapour.  From  the  in« 
creased  elasticity  which  the  dissolved  air  acquires  by  the  addition 
of  heat,  minute   bubbles  are  thrown  off  in  the  interior  of  tho 
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liqaid,  ispcdallv  where  it  is  in  contact  with  a  ronglft  woAot;  ni 
into  thcfte  bukblc»  the  ftteam  dilates  and  rises.  By  long  baiKigcf 
the  water,  the  air  becomes  nearly  all  expelled ;  in  such  a  cMe  the 
tein|ierature  has  been  observed  to  rise  even  as  hig^h  mm  360^  in  a 
open  glass  vessel,  which  was  then  shattered  with  a  IcMid  lepottylif  i 
sudden  explrjsi  ve  burst  of  vapour.  In  such  circumstancseB  tine  tarn  of 
CTihesion  retains  the  particles  of  the  liquid  througlioat  the  mas  ii 
contact  with  each  other,  in  a  species  of  tottering  eqoilibiiaiii ;  aoi 
when  this  equilibrium  is  overturned  at  any  one  pointy  the  rqpiihin 
power  of  the  excess  of  heat  stored  up  in  the  mass,  suddenly  exoti 
itself,  and  the  result  is  an  explosion  with  the  instantaneous  diq^er- 
sion  of  the  liquid.  Tlie  difficulty  of  expelling  air  completely,  era 
from  a  small  bulk  of  water,  can  be  adequately  conoeiTed  by  those 
only  who  have  attempted  it ;  ebullition  in  vacuo  for  a  very  consi- 
derable peri(xl  is  not  sufficient  to  effect  it.  In  the  slow  freeaing 
of  water  the  air  previously  held  in  solution  is  perfectly  expelled. 
In  consequence  of  this  absence  of  air,  if  a  lump  of  ice  free  from  air- 
bubbles  be  immersed  in  heated  oil,  so  as  to  melt  it  without  allowing 
it  to  come  into  contact  with  air,  the  temperature  of  the  water  may 
be  raised  many  degrees  above  its  boiling-point,  and  it  will  then  be 
suddenly  converted  into  steam  with  explosive  force.  Dufour  finds  that 
many  liquids  may  be  heated  far  beyond  their  normal  boiliug-point, 
by  suspending  them  in  the  midst  of  a  liquid  of  equal  density,  but 
which  can  be  heated  sufficiently  without  itself  beginning  to  boil. 
If  the  globule  of  suspended  and  superheated  liquid  be  touched 
with  any  solid  body,  it  bursts  into  vapour  with  explosive  violence. 

Where  the  latent  heat  of  the  vapour  is  low,  and  the  liquid  has 
comparatively  little  adhesion  to  air,  as  is  the  case  with  alcohol, 
or  ether,  or  sulphuric  acid,  frequent  bumping  or  irregular  boiling 
occurs,  endangering  the  vessel  and  its  contents. 

(181)  z.  Influence  of  the  Solution  of  Solids  in  a  Liquid,  on  its 
Boiling^Point, — ^Any  force  that  acts  in  opposition  to  the  repulsive 
energy  of  heat  produces  a  corresponding  rise  in  the  boiling-point ; 
so  that  the  solution  of  a  salt  in  water,  by  the  influence  of  adhesion, 
always  elevates  the  point  of  ebullition,  and  the  more  so  the  larger 
the  quantity  of  salt  added.  Indeed  it  has  been  supposed  that  the 
quantity  of  salt  required  to  produce  a  certain  rise  of  temperature 
might  be  employed  as  a  measure  of  the  amount  of  adhesion  be- 
tween the  liquid  and  the  salt  in  solution.  Legrand  {Ann,  de 
Chimie,  II.  lix.  423)  has  published  a  series  of  carefril  experiments 
upon  seventeen  different  salts,  and  the  results  which  he  has  ob- 
tf^ned  possess  considerable  interest. 

It  might  be  supposed^  since  the  elasticity  of  vapour  increases 
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With  the  temperature,  that  the  addition  of  a  larger  quantity  of 
salt  would  be  required  to  raise  the  boiling-point  from  213°  to  214*^ 
than  from  212°  to  213°.  In  only  three  cases,  however,  was  this 
effect  produced ;  these  three  salts  stand  first  in  the  following  table. 
In  six  instances  the  effect  produced  was  exactly  the  reverse  ;  whilst 
in  the  seven  instances  which  stand  lowest  in  the  table,  the  succes- 
sive quantities  of  salt  which  it  was  requisite  to  add  in  order  to 
produce  a  successive  rise  in  the  boiling-point  of  1°  decreased  up 
to  a  certain  point,  and  beyond  this  steadily  increased.  The  salts 
employed  were  all  used  in  the  anhydrous  state,  that  is  to  say,  they 
were  dried  so  as  to  be  entirely  deprived  of  their  water  before  being 
dissolved. 

Influence  of  Salts  in  Solution  on  the  Boiling-Point  of  Water, 


Name  of  the  Salt. 

Quantity  of  salt  required 

to  raise  the  boiling-point  of 

100  parts  of  liquid 

Boiling-point 

°F.ota 

8aturat«d 

solution. 

Quantity  of 

salt  in  100 

parts  of  water 

in  saturated 

solution. 

From  2ia°  to 
ai3*»-8  F. 

Prom  iif'% 
to  ais*'  6  F. 

(  Nitrate  of  Sodium 

<  Nitrate  of  Ammonium   ... 
(  Nitrate  of  Potassium 

C  h  1  orate  of  Potassium    . . . 
/Chloride  of  Sodium 

Chloride  of  Potassium    ... 

Carbonate  of  Sodium 
^  Acetate  of  Sodium 

Chloride  of  Barium 

Tribanic    Phosphate    of ) 
V    Sodium  and  Hydrogen  ] 
/Sal-Ammoniac 

Chloride  of  Calcium 

Acetate  of  Potassium 
^  Carbonate  of  Potassium  .. 

Nitrate  of  Calcium 

Chloride  of  Strontium    ... 
l  Tartrate  of  Potassium    . . . 

93 

ICO 

12*3 
14-6 

77 
90 

144 

19-0 

ai'o 

7-8 
100 

130 
150 
i6-7 
26-9 

94 

142 

I4'6 

57 

81 

123 

77 
12-9 

198 

6-1 

6-5 

9'5 

9*5 
103 

8*5 

20*3 

250 

240 
220 
227 
227 
220 
256 
220 

224 

238 

355 
330 

275 
304 

244 

238 

2248 

unlimited 

3.35-I 
61-5 

41-2 

594 

485 
209*0 

601 

II2-6 

88-9 
3350 
7982 
205*0 
362*2 

1^*5 
296*2 

Notwithstanding  their  high  boiling-point,  the  vapour  which 
rises  from  such  solutions  adjusts  itself  almost  immediately  to  the 
atmospheric  pressure,  and  is  not  permanently  hotter  than  the 
steam  of  boiling  water,  as  Faraday  and  Magnus  have  shown. 

On  comparing  together  solutions  which  contain  equal  weights 
of  different  salts,  it  will  be  found  that  the  most  soluble  salts  are 
by  no  means  uniformly  those  which  produce  the  greatest  elevation 
of  the  boiling-point.  A  solution  containing  40  per  cent,  of  com- 
mon salt  (very  nearly  saturated)  boils  at  226*^*5 ;  whilst  in  the 
case  of  nitre  (a  far  more  soluble  salt)  a  solution  of  the  same 
strength  boils  at  219°. 
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(182)  3.  Influence  of  Prtmiwt  on  the  BoiHtig-Point. — Since 
ebullition  consists  essentially  in  the  nq^d  formation  of  vapour  of  an 
elasticity  eqnal  to  that  of  the  atmosphere  which  is  exerting  its  pres- 
sure on  the  surface  of  the  liquid,  any  diminutioD  of  that  pressure 
should  be  attended  with  a  corresponding  depression  of  the  boiling- 
pmit ;  and  it  is  a  fact  that  wator  whidi  has  long  ceased  to  boil 
mnder  the  usual  atmospheric  pressure,  may  be  at  once  made  to 
enter  into  ebullition  by  placing  it  under  the  receirer  of  the  air- 
pump,  and  exhausting  the  air ;  by  this  means  water  may  be  made 
to  bos  at  a  temperature  ol  70^  F.  Indeed,  liquids  in  general 
boil  in  vacuo  at  from  60^  to  140^  bdow  their  ordinary  point  of 
ebullition  when  imder  a  barometric  pressure  of  thirty  inches. 
This  result  may  be  shown  by  boiling  some  water  in  a  Florence 
flask,  and  corking  up  the  flask  whilst  the  steam  is  escaping  ra- 
pidly. Upon  pouring  cold  water  over  the  upper  part  of  the  flask 
the  steam  is  condensed,  its  pressure  is  removed,  and  the  water 
begins  to  boil  briskly;  but  in  this  case  the  bubbles  nearly  all  rise 
firom  the  surface,  not  fixim  the  bottom  of  the  liquid.  A  simple 
proof  that  steam  from  boiling  water  possesses  an  elasticity  equal 
to  that  of  the  atmosphere  is  obtained  by  repeating  the  last  expe- 
riment with  a  tin  canister,  instead  of  a  globular  flask.  On  cork- 
ing up  the  canister  and  pouring  cold  water  over  it,  the  steam 
within  is  suddenly  condensed,  a  vacuum  is  produced,  and  the 
canister  is  crushed  in  by  the  pressure  of  the  external  air. 

The  reduction  of  temperature  at  which  boQing  takes  place  is 
advantageously  applied  in  the  preparation  of  vegetable  extracts, 
the  medicinal  properties  of  which  would  be  impaired  by  the  ordi- 
nary temperature  of  aia®,  and  by  exposure  to  the  air.  The  ap- 
paratus consists  of  a  still  and  a  receiver,  which  are  connected  by 
AU  air-tight  joint,  and  are  filled  with  steam  to  expel  atmospheric 
air,  and  then  hermetically  sealed;  on  cooling  the  receiver,  rapid 
evaporation  and  ebullition  take  place  at  a  temperature  much  lower 
than  that  of  the  usual  boiling-point  of  the  liquid.  A  modification 
of  this  process  is  used  in  the  manufiEu^ure  of  sugar,  both  in  the 
concentration  of  the  cane-juice  and  in  the  subsequent  evaporation 
of  the  syrup. 

(183)  Measurement  of  Heighti  by  the  Boiling-Point. — As  might 
be  expected  in  consequence  of  the  diminution  of  atmospheric 
pressure,  it  is  found  that  on  ascending  from  the  earth's  surface 
the  temperature  at  which  water  boils  becomes  gradually  lower. 
In  descending  a  mine  the  effect  is  reversed,  and  the  boiling-point 
becomes  proportionately  elevated.  De  Saussure  observed  tiiat  on 
the  sunmiit  of  Mont  Blanc,  which  is  15,650  feet  (nearly  three  miles) 
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above  the  sea-level,  water  boils  at  i85°'S ;  and  Wisse  determined 
the  boiling-point  upon  Mount  Pichincha,  at  an  altitude  of  15,940 
feet,  to  be  i85°-27  whilst  the  barometer  stood  at  1 7*208  inches. 
Hie  observation  of  the  point  at  which  water  boils  at  any  par- 
ticular elevation  furnishes  an  easy  means  oi  determining  its  alti- 
tude above  the  sea-level ;  a  difference  of  about  596  feet  of  ascent 
producing  a  variation  of  1°  F.  in  the  boiling-point  of  water. 

The  following  table  shows  the  temperature  at  which  water 
boils  at  the  corresponding  heights  of  the  barometric  coltain^  cal- 
culated by  Begnault,  and  confirmed  by  da*ect  observation : — 

BoiUng-PiAnts  of  Water  at  4iffereiU  Tresmte^ff^ 


BoUing  Pt. 
184 

Barometer. 

BoiU^Pt. 

B»r<nneter. 

BoQiBff  Pt. 

BsroinlMt. 

Iseheft. 

Indies. 

Inches. 

16-676 

195 

2I'I24 

206 

26-529 

185 

17-047 

21-576 

^07 

27068 

186 

17-421 

197 

22-030 

208 

27-614 
28-183 

187 

1815^ 

198 

22-498 

209 

188 

199 

2296^ 

210 

28-744 

189 

18-593 

200 

a3*454 

211 

29*331 

190 

18-992 

201 

23937 

212 

29-922 

191 

19-407 

202 

24-441 

213 

30-516      ; 

193 

19-822 

203 

25-ou 
35*468 

214 

31*120 

193 

20' 2^4 

204 

215 

31*730 

^?,4 

20687 

205 

25-992 

The  necessity  of  attending  to  the  height  of  the  barometer  at 
the  time  of  making  a  careftd  observation  upon  the  boiling-point  of 
any  liquid  will  now  be  obvious.  It  has  been  ascertained  that  a 
variation  of  one-tenth  of  an  inch  in  the  barometric  column  makes 
a  difference  of  more  than  a  sixth  of  a  degree  F.  in  the  boiling- 
point  ;  so  that  within  the  range  of  the  barometer  in  this  climate 
the  boiling-point  of  water  may  vary  5®. 

(184)  Uigh'Preisure  Steam, — ^As  a  reduction  of  the  pressure 
lowers  the  boiling-point,  so  an  augmentation  of  the  pressure  raises 
it.  To  demonstrate  this  fact  an  apparatus  has  been  eohtrived, 
consisting  of  a  smidl  iron  boiler  (fig.  1 28),  Aimished  with  three 
apertures  in  the  lid,  through  one  of  which  a  thermometer  stem  is 
passed  air-tight ;  through  the  second,  a  long  glass  tube  open  at 
both  ends  is  inserted ;  the  loWeJr  extremity  of  this  tube  plunges 
below  the  surface  of  mercury  placed  in  the  boiler,  above  which  a 
quantity  of  water  is  introduced ;  the  third  aperture  must  be  fur- 
nished with  a  stop-cock.  It  will  be  found,  on  applying  heat,  that 
so  long  as  free  communication  with  the  atmosphere  is  permitted 


*  For  an  extended  table  of  this  kind,  vide  Dixon  On  Seat,  p.  26^. 
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through  the  opea  stop-cock,  the  temperature  of 
ebulUtioii  will  remain  steadily  at  212";  but  by 
closing  the  cock,  the  Bteam  may  be  confined, 
and  as  fresh  portions  of  steam  continue  to  rise 
from  the  water,  the  pressure  on  the  surface  in> 
creases,  as  is  shown  by  the  rise  of  the  mercury 
in  the  open  tube ;  the  boiling-point  also  becomes 
higher;  until  when  the  mercury  stands  at  30 
inches,  and  the  pressure  on  the  surface  is  equal 
to  that  of  an  additional  atmosphere,  the  thermo- 
meter marks  a- temperature  of  a49'*"5-  By  con- 
tinuing the  beat  without  allowing  the  steam  to 
escape,  the  boiling-point  rises  still  higher,  and 
_  the  elasticity  of  the  steam  increases  with  in- 
^°^^^='°"        creasing  rapidity  as  the  temperature  rises,  as  is 

shown  by  the  following  table  founded  upon  the  experiments   of 

Renault : — 

Temperature  <^  Steam  at  High  Prettvre: 


}o  inoli  nifniurr. 

T.»,. 

BiH  Id  Ismp.  tat 
euh  iddilioaiil 

Pr«.»r.h. 

,„,. 

^zi:'J^f^ 

3 

4 

I 

I 

9 

>495 

3196 

339-5 
348-4 

356'6 

11-4 

7-6 

■3 
"4 

\i 
\i 

'9 

30 

36.> 
37'i 

!K 

3900 

405-9 
410-8 
4 '54 

P. 
6-0 

5-4 

S-4 
5-1 

These  results  differ  but  little  from  those  obtained  under  the 
direction  of  Dulong  and  Arago,  by  a  commission  appointed  for  the 
purpose  many  years  ago  by  the  French  Government.  They  found 
the  temperature  of  steam  of  30  atmospheres  to  be  41  %°-^,  and  cal- 
culated that  if  the  elasticity  rose  to  50  atmospheres  the  temperature 
would  amount  to  jio'''4. 

It  will  be  observed  that  the  increase  of  elasticity,  by  equal 
additions  of  heat,  is  more  rapid  at  high  than  at  low  temperatures, 
and  this  circumstance  (in  addition  to  the  greater  simplicity  of 
construction  of  the  machinery  in  high-pressure  engines)  is  one  of 
the  principal  reasons  for  the  increased  economy  of  power  obtained 
in  employing  high-pressure  steam  as  a  motive  power,  when  com- 
pared with  that  furnished  by  the  use  of  low-pressure  engines.    But 
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it  is  only  when  in  contact  with  a  body  of  water  from  which  fresh 
steam  is  constantly  rising,  that  the  elasticity  augments  in  this 
manner,  and  thus  produces  a  force  suflScient  to  rend  asunder  the 
strongest  vessels.  If  dry  steam  alone  be  heated,  it  follows  the 
law  which  regulates  the  expansion  and  elasticity  of  gaseous  bodies 
in  general  (134,  197). 

High-pressure  steam  whilst  confined  is  always  of  the  tempe- 
rature of  the  water  from  which  it  is  produced;  it  is,  therefore, 
often  used  in  the  arts  to  supply  a  steady  temperature  above  that 
of  212°.  It  is  foimd  that  the  solvent  powers  of  water  are  much 
increased  by  the  elevation  of  temperature  caused  by  preventing 
the  free  escape  of  the  steam.  Papin's  digester  is  an  apparatus 
designed  to  effect  this  object;  it  is  simply  a  strong  iron  vessel, 
fiirnishcd  with  a  safety-valve  for  regulating  the  pressure  at  which 
the  steam  is  allowed  to  blow  off.  The  water  may  thus  be  kept 
steadily  at  any  required  temperature  above  212°  as  long  as  is  re- 
quisite. The  gelatin  of  bones  may  by  this  means  be  easily  ex- 
tracted from  the  earthy  matter,  although  the  bones  may  be  boiled 
for  hours  in  water  at  212°  without  undergoing  any  such  change. 

( 1 85)  Production  of  Cold  by  Vaporization. — In  all  cases,  whe- 
ther volatilization  occur  above  the  usual  boiling-point,  or  below  it, 
heat  is  absorbed  in  large  quantity.  If  a  few  drops  of  ether  be 
allowed  to  fall  on  the  hand,  the  liquid  disappears  rapidly  in  vapour, 
and  produces  the  sensation  of  cold.  Indeed,  the  boiling  of  one 
liquid  may  be  attended  with  the  freezing  of  another  which  is 
brought  into  its  vicinity.  Place,  for  example,  a  drop  or  two  jof 
water  between  two  watch-glasses,  pour  a  little  ether  into  the  upper 
glass,  and,  having  introduced  them  into  the  receiver  of  the  air- 
pimip,  exhaust  the  air ;  the  ether  will  speedily  boil,  and  the  water 
between  the  two  glasses  will  be  frozen,  by  the  rapid  abstraction 
of  heat  which  it  has  experienced  during  the  conversion  of  the 
ether  into  vapour.*     Water,  as  Leslie  has  shown,  may  even  be 


*  Mr.  Harrison  has  contrived  an  ingenious  freezing-apparatus  upon  this 
principle:  one  form  of  the  instrument  is  figured  in  the  Pharmaceuiieal 
Journal  (zvi.  477).  About  ten  gallons  of  ether  are  placed  in  a  small  metallic 
multitubular  boiler,  which  is  immersed  in  a  strong  solution  of  salt  and  water, 
contained  in  a  wooden  trough  cased  in  a  non-conducting  material.  The 
boiler  is  connected  with  an  exhausting  pump,  bj  working  which  the  ether  is 
caused  to  evaporate  rapidly,  and  the  temperature  of  the  boiler  is  proportion- 
ably  reduced,  at  the  expense  of  that  of  the  salt  water  around  it.  This  salt 
water  is  made  to  flow  on  gradually,  through  a  channel  containing  a  series  of 
metallic  vessels,  each  capable  of  containing  14  or  15  lb.  of  the  water  to  be 
frozen.  The  salt  water,  which  is  reduced  at  first  to  a  temperature  of  about 
24^,  is  returned  a^ain  bj  a  small  pump  when  its  temperature  has  risen  to 
about  28^ ;  and  it  is  again  made  to  flow  around  the  boiler  in  which  the  ether 
is  evaporating,  so  that  a  perpetual  ciroulatioa  of  oold  salt  water  10  maintaiiied  i 
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£rozen  "by  the  rapid  absorption  of 
heat  occasioned  by  its  own  eva- 
poration. This  experiment  may 
be  performed  by  supporting  a 
watch-gltAs  (t,  fig.  129)  contain- 
ing water,  over  a  dish  of  oil  of 
vitriol,  s,  under  the  receiver  of 
Hie  air-pump,  p.  On  exhausting 
the  air,  the  water  evaporates 
quickly,  the  vapour  being  removed 
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ake  ether,  the  yolatUization  of  which  has  oaosed  the  reduction  of  temperature, 
18  condensed  in  a  worm  by  means  of  a  current  of  cold  water,  and  is  returned, 
with  scarcely  any  loss,  to  the  boiler.  The  inventor  states  that,  for  every  ton 
-of  «oal  consumed  in  working  the  ^umps,  3  tons  of  ice  are  produced,  and  there 
is  reason  to  beheve  that  the  quantity  of  ice  would  have  been  proportionately 
greater  if  the  apparatus  had  been  more  perfectly  mounted.  A  simpler  form 
of  apparatus,  in  which  the  evaporation  of  ammonia  is  made  u^e  of  for  the 
roduction  of  a  low  temperature,  was  exhibited  in  London  at  the  International 
jchibition  of  1B62  by  MM.  Carr^  and  Co. 

Fig.  1 39repf  esents  the  apparatus :  a  is  a  strong 
boiler  of  wrought  iron,  filled  for  three-quarters 
of  its  capacity  with  a  concentrated  solution  of 
ammonia ;  B,  a  wrought-iron  annular  condenser, 
shown  in  section,  connected  with  the  boiler  by 
pipes  specially  arranged  with  a  view  to  prevent 
the  liauid  from  boihng  over  into  the  receiver. 
In  oraer  to  use  the  instrument,  the  boiler  is 
laid  upon  its  side,  with  the  condenser  upwards, 
for  about  ten  minutes,  so  as  to  allowall  the  liauid 
to  drain  back  into  the  boiler,  the  expulsion  or  the 
liquid  being  facilitated  byheating  tne  condenser 
with  a  lamp.  The  boiler  is  then  heated  very  gra- 
dually by  means  of  a  stove  or  large  gas-burner, 
and  the  condenser  plunged  into  a  vessel  of  cold 
water,  through  which  a  stream  of  cold  water  is 
kept  running.  A  little  water  is  placed  in  the 
cup,  D,  in  the  bottom  of  which  is  a  screw-cock 
communicating  with  the  interior.  Distillation  is  next  proceeded  with,  until  the 
temperature  of  the  boiler  has  risen  to  about  3yo%  when  the  ammonia  wiQ 
have  been  in  great  measure  expelled  from  the  liquid,  and  condensed  in  the 
receiver  under  the  pressure  of  its  own  particles.  The  boiler  is  then  withdrawn 
from  the  fire,  the  water  in  the  cavity,  c,  is  allowed  completely  to  drain  away, 
a  cork  is  put  into  the  hole  at  the  bottom  of  the  space,  c,  and  a  little  alcohol  is 
poured  into  the  cavity,  after  which  the  vessel  containing  the  water  to  be 
frozen  is  introduced.  The  boiler  is  plunged  into  a  vessel  of  cold  water,  and 
kept  oool  hy  a  rapid  current  of  cold  water,  whilst  the  condenser  is  wrapped 
in  fiannel,  and  the  apparatus  is  left  to  itself. 

If  air  finds  admission  to  the  interior,  the  rapidity  of  congelation  may  be 
greatly  reduced.  In  such  a  case  it  becomes  necessary  to  get  rid  of  the  air, 
and  it  may  be  expelled  in  the  following  manner :— Ihe  temperature  of  the 
boiler  having  been  raised  to  about  140°,  water  having  been  placed  in  the  cup, 
p,  the  screw  at  the  bottom  of  the  cup  which  communicates  with  the  receiver 
IS  slightljT  relaxed ;  if  air  be  present,  the  disengaged  gas  will  carry  a  portion 
of  the  air  with  it^  which  will  rise  to  the  suruioe  of  the  water»  whilst  tha 
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with  great  aridity  by  the  oil  of  vitriol  as  &st  as  it  ib  formed ;  and 
in  two  or  three  minutes  the  water  which  remains  in  the  watch- 
glass  becomes  converted  into  ice. 

Water  is  also  frozen  by  its  owti  evaporation  in  the  Cn/opJtonu, 
which  derives  its  name  iixjm  k/>uoc  frost,  ^poc  bearing,  in  allu- 
sion to  its  mode  of  action;  condensation  of  the  vapour  being 
effected  by  the  application  of  a  fr^ezing-misture,  at  a  distance 
from  the  evaporating  surface.  The  apparatus  consists  of  a  long 
glass  tube  bent  twice  at  right  angles,  and  terminating  in  a  bulb 
at  each  extremity,  as  shown  in  Bg.  131.  In  making  the  iustru- 
Via.  131. 


ment,  one  of  these  bulbs  is  partidly  ^ed  vith  water,  which  is 
then  made  to  boil  briskly ;  the  steun  thus  generated  expels  the 
atmospheric  air  through  a  capillary  c^ninglaft  in  the  other  bulb, 
and  when  the  instrument  is  thus  freed  from  air,  uid  filled  only 
with  water  and  vapour  of  water,  the  aperture  is  sealed.  To  make 
use  of  it,  the  water  is  al)  collected  into  one  bulb,  and  the  empty 
bulb  is  plunged  into  a  freezing-mixture;  the  aqueous  vapour 
which  this  bulb  contains  is  thereby  condensed,  and  evaporation 
occurs  rapidly  fixwa  the  surface  of  the  liquid  in  the  other  bulb ; 
its  sensible  heat  is  thus  diminished,  and  the  water  in  a  few  minutes 
begins  to  freeze.  The  bulb  containing  Uie  water  should  be  pro- 
tected from  currents  of  air  by  enclosing  it  in  a  glass,  as  shown 
in  the  figure. 

(186)  Measurement  0/  the  Latent  Heat  of  Vapours.- — Squal 
weights  of  different  liquids  require  very  different  amounts  of  heat 
to  convert  them  into  vapour.  The  amount  of  heat  which  is  thaa 
rendered  latent  may  be  determined  by  distilling  over  a  given 
weight  of  the  liquid,  and  condeosiag  it  in  a  large  volume  of 
water,  the  temperature  of  which  is  noted  before  and  after  the 
experiment.  Suppose  the  latent  heat  of  steam  to  be  966°, — a 
pint  of  water  converted  into  steam  would  on  rccondensatiou  raise 
the  temperature  of  10  pints  ^°'6,     It  is  found  that  a  gallon  of 

ammonia  ia  diseolved :  m  iood  a«  the  eaoapins  gu  ii  wholly  diMolved  by  tbe 
water,  ths  tcrew  must  be  closed  firmly,  snd  uie  distillation  proceeded  with  as 
above  direoled. 
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water,  if  converted  into  steam  of  3i3°j  and  condensed  again  into 
the  liquid  form,  would  raise  about  ^i  gallons  of  water  from  32° 
to  a  12°. 

We  owe  to  Andrews  (Q.  J.  Ckem.  Soc,  i.  27),  a  careful  dcter- 
minatioD  of  the  latent  heat  of  a  number  of  vapours :  fig.  152  ebows 
the  mode  of  procedure  which  he 
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adopted.  The  liquid  to  be  tried 
is  placed  in  the  flask  a,  the  neck 
of  which  has  a  very  short  bend, 
and  is  connected  with  a  glass 
receiver,  b,  furnished  with  a 
spiral  condensing-tube,  termina- 
ting at  d;  this  receiver  is  placed 
in  a  vessel,  c,  with  a  consider- 
able quantity  of  water,  which  has 
been  accurately  weighed.  The 
liquid  is  distilled  over  into  b  : 
the  quantity  that  condenses  is 
carefiilly  weighed,  and  the  rise 
of  temperature  experienced  by 
the  water  used  for  condensation 
is  estimated  by  a  very  sensitive 
thermometer,  /.  The  whole  is 
enclosed  in  an  outer  tin-plate 
vessel  furnished  with  a  lid,  which  acts  as  a  screen,  and  it  is  further 
protected  from  the  radiation  of  the  lamp  by  the  tin-plate  screen  ft ; 
4  is  a  light  glass  tube  for  agitating  the  water.  The  result  obtained 
has,  however,  to  be  corrected  by  other  experiments  for  the  heat 
absorbed  by  th'e  metallic  parts  of  the  apparatus,  and  for  that 
which  is  lost  by  radiation  during  the  time  that  the  experiment 
lasts;  allowance  has  also  to  be  made  for  the  heat  which  the  con< 
densed  liquid  has  given  out  after  its  liquefaction,  in  cooling  down 
&om  its  boiling-point  to  the  temperature  of  the  water  used  in 
the  condenser. 

The  results  obtained  In  this  delicate  branch  of  inquiry  by 
Despretz,  and  by  Brix,  which,  however,  embraced  a  much  smaller 
number  of  liquids,  agree  pretty  closely  with  each  other  and  with 
the  experiments  of  Andrews,  These  results,  with  some  of  those 
obtained  by  Favre  and  Silbermann,  who  also  have  made  numerous 
experiments  upon  this  subject  (Ann.  de  Chimie,  III.  xxxvii.  46), 
are  given  in  the  following  table. 

The  numbers  which  represent  the  latent  heat  of  equal  volumes, 
ot  each  vapour  are  obtained  by  multiplying  the  numbers  in  the 
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fourth  column  by  the  atomic  weight  of  each  compound,  divided 
by  18,  the  number  for  the  molecule  of  aqueous  vapour,  HjO,  The 
numbers  contained  in  the  third  column  indicate  the  quantities  of 
water  in  pounds,  the  temperature  of  which  would  be  raised  1°  P. 
by  condensation  into  the  liquid  form  of  a  pound  weight  of  the 
vapours  of  each  of  the  various  liquids  mentioned ;  the  liquid  con- 
densed being  supposed  in  each  case  to  be  at  the  temperature  of  its 
own  boiling-point.  For  instance,  the  conversion  of  one  pound  of 
steam  at  212°  into  water  at  212°  would  raise  9666  pounds  of 
water  from  60°  to  61°  P.  So  the  condensation  of  one  pound  of 
the  vapour  of  alcohol  at  173"  into  liquid  ^cohol  at  173*  would 
heat  374"9  pounds  of  water  from  60°  to  61". 

Latent  Heat  of  Vapour*. 


s..^«. 

^,.,-.. 

«--"■ 

.srLi^ 

Equal  .Dla. 

Ob«r«r. 

Water       

5.lfi-67 

966-6 

1000 

1000 

Kegoault 

5.35*90 

964-6 

997'9 

Andrews 

Wood  Spirit   

.□8-31 

474'6 

4910 

873-9 

475' 1 

%i 

873'S  \ 

Farre  and 

Alcohol    

3749 

99' '3! 

Silbermann 

20  J  40 

364-3 

3769 

963-1 

Andrews 

FouaelOil       

"'"37 

2.8-4 

1104-7 

F.  and  S. 

Formic  Acid    

110-73 

=»7"3 

234-8 

574'4 

Forraiatc  of  Methvl      ... 

n;'io 

jio-7 

318-0 

7^6-6 

Andrewx 

ButjricAcid 

114-67 

ao6-4 

a  135 

1043-8 

F.  and  S. 

Auctnte  of  Methyl 

198-3 

205-4 

843'5 

Andrena 

Formic  Ether 

'°530 

196-0 

80S-0 

Valeric  Add    

103-52 

V, 

1093-0 

F.  a^d  3. 

Acetic  Acid     

'8.3'4 

Ss 

Acetic  Ether 

I^-fc 

[90-4 

197-0 

93-68 

166-8 

173-6 

Andrews 

Ether    " ."   

yo'45 

1 6^-8 

1^8-4 

G93-3 

91-11 

1 6.35 

169. 

6954 

F.  and  8. 

Bulyrate  of  Mpthjl 

87 -.3.3 

f57'» 

i6i-8 

93' 5 

Bisulphide  of  Carbon     ... 
OilotLemona 

86 -G  7 

156-0 

161-4 

661-4 

Andrews 

^•^ 

126-0 

1303 

986-1 

F.  and  S. 

144-0 

1490 

1135-6 

Brix 

Oil  of  Turpentine 

74-DO 

r33'3 

|37;8 

1040-5 

68-73 

"3  7 

966-9 

F,  and  8. 

Terebeoe 

67-21 

\%i 

125-0 

945'° 

Owlic  Ether 

73-72 

'35-3 

10975 

Andrews 

AmvlicEther 

6940 

134*9 

139-3 

1134-0 

F.  and  8. 

Ethal         

53-44 

105- 1 

108-7 

1453-0 

Tercliloride  ofPhoaphorus 

S'-4a 

i:\ 

w. 

75**9 

Andrews 

Iodide  of  Ethyl      

46-87 

756-8 

Iodide  of  Methyl    

4<i-o 

83-0 

85-8 

67.-8 

45-& 

83-0 

84'8 

lf.'o 

PerchlorideofTin..!     Z 

30*53 

54'9 

568 

Iodine       

=395 

431 

44-5 

637-9 

F.  and  8. 

(1 87)  The  density,  that  is  to  say  the  weight,  of  a  given  volume 
of  steam  increases  directly  as  its  elastic  force.     Watt  concluded 
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from  his  experiments  that  the  same  weight  of  steam^  whatever  its 
density  may  be^  contains  the  same  quantity  of  heat^  its  latent  heat 
being  increased  in  proportion  as  its  sensible  heat  is  diminished  or 
absorbed.     For  instance — 

A  certain  weight  of  steam  at  212°  P.")        1 8o*  of  sensible  heat,  and 
condensed  at  32®,  gives  oat  .     .)        950^  of  latait  heat. 

Amounting  together  to 1^30° 


The  same  weight  of  steam  at  250^^^ 


218*  of  sensible  heat. 


condensed  at  32°^  gives  out  . 
But  only «...    912^  of  latent  heat. 


Still  amounting  together  to   . 


1 130* 


The  same  weight  of  steam  at  100^ 

condensed  at  32^^  gives  out 
But  now  as  much  as    • 1062^  of  latent  heat. 


-'■] 


68°  of  sensible  heat. 


Making  together,  as  before    . 
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Begnault  has,  however,  shown  by  a  series  of  laborious  expe- 
riments, that  although  the  assumption  of  this  rule  may  not  lead 
to  serious  errors  in  practice,  and  although,  consequently,  there  is 
but  little  saving  of  fuel  in  performing  evaporations  at  a  low  tem- 
perature, yet  that  it  is  not  strictly  correct.  It  is  true  that  the 
latent  heat  decreases  as  the  sensible  heat  rises,  but  this  diminution 
is  less  rapid  than  the  rise  in  sensible  heat;  for  in  reality,  the  sum 
of  the  latent  and  sensible  heat  increases  as  the  temperature  rises, 
by  a  constant  quantity,  equal  for  each  degree  F.  to  o°*305 :  this 
may  be  seen  in  the  subjoined  table,  in  which  it  is  assumed  that 
the  sensible  heat  of  steam  may  be  neglected  for  all  d^rees  below 
the  zero  of  Fahrenheit  :— 

Latent  and  Sensible  Heat  of  Steam  at  different  Temperatures. 


Pressure  in 
fttmoepheres. 

Temperature. 

Latent  heat. 

Sum  of  latent  and 
•enaible  heat. 

0*00146 
0*00603 
1*00000 
8*00000 

0^ 

212*=* 

1114° 
109I°*7 
966^*6 

877°-3 

IIT4° 

ii78°*6 
I2i6°*8 

It  must  be  borne  in  mind  that  equal  bulks  of  different  liquids 

rent  volumes  of  vapour.     Water  fumishesi,  bulk 
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for  bulk,  a  mucli  larger  amount  than  any  other  liquid,  a  cubic 
inch  of  water  at  2ia°  expanding  to  nearly  a  cubic  foot  of  steam  at 
2 1 2°,  or  more  accurately  to  1696  timea  its  volume.  The  following 
table  shows  the  volume  of  vapour  which  is  furnished  by  a  cubic 
inch  of  four  different  liquids,  at  tiieir  respective  boiling-points. 
Equal  volumes  of  different  vapours,  taken  at  the  boiling-points  of 
their  respective  liquids,  consequently  possess  very  different  weights, 
as  is  shown  by  the  last  coliima  of  the  table : — 


I  cobio  inch  of  Mch- 

liquid  at  60°  F.  yields  in 

tbeoMeof 

Cubic  iaohMof 

vapour  at 
ite  bouinff-point. 

BoiUngMpoint. 

Weight  in  graini  of  loo 

cubic  in.  of  each  rapoor 

at  ita  boiling-point. 

Tr&cer...    •••     ••( 

Alcohol      

Ether 

Oil  of  Turpentine 

1696 
538 
398 

193 

313 
»73 

9S 

314 

M-93 
4049 

6471 

117-71 

The  expansive  force  of  the  different  vapours  obviously  depends 
upon  the  bulk  of  vapour  produced  firom  an  equal  bulk  of  each 
liquid;  and  although  the  latent  heat  required  to  convert  equal 
bulks  of  other  liquids  into  vapour  is  much  les&  than  that  required 
for  steam,  yet  no  economy  would  be  experienced,  even  did  they  cost 
no  more  than  water,  by  substituting  these  liquids  for  water^  a^  the 
materials  for  generating  vapour  in  the  steam-engine. 

Experiments  already  quoted  have  shown  that  equal  volumes  of 
alcoholic  and  of  aqueous  vapour  contain  nearly  equal  amounts  of 
latent  heat  at  their  respective  boiling-points ;  and,  as  will  be  seen 
firom  the  results  given  in  the  fifth  column  of  the  table  (page  301), 
an  approach  to  this  equality  may  be  observed  in  the  case  of  vapours 
from  some  other  liquids.  It  is  not,  however,  true  as  a  general 
proposition,  that  equal  volumes  of  vcqpour  of  different  liquids,  under 
equal  pressures,  contain  equal  amounts  of  latent  heat.  The  cost 
in  fuel  of  effecting  the  evaporation  of  different  liquids,  would  be 
proportionate  to  the  amount  of  latent  heat  in  equal  volumes  of  the 
vapours  at  their  respective  boiling-points,  that  is  to  say,  at  the 
point  at  which  they  possess  equal  amounts  of  elastic  force. 

When  steam  of  high  elasticity  is  allowed  to  escape  suddenly 
into  the  air  fix)m  a  small  aperture,  the  temperature  is  so  much  re- 
duced that  the  hand  may  be  held  in  it  with  impunity,  although,  as 
is  familiarly  known,  steam  of  the  ordinary  elasticity  of  the  air  scalds 
severely.  The  chief  cause  of  this  reduction  of  temperature  in  the 
case  of  high-pressure  steam  is  the  sudden  and  forcible  admixture 
of  the  steam  with  air  at  the  first  rush.  Young  proved,  experi- 
mentally, that  a  stream  of  air  ox  vapour  (fig.  133,  i)  escaping  slowly 
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into  the  air  puNs  fbrtber  in  an  luibrokcn 
ctdomn  than  a  streun  issuing  with  iic4ence 
(fig.  133,  2) ;  in  the  latter  case,  the  reaction 
of  the  steam  and  air  one  against  the  other, 
catues  their  immediate  intermiitnre.  So 
great  is  the  rarefkction  of  air  in  the  axis  of 
the  jet  from  its  snddeD  expansion,  that  a 
■olid  body  of  some  weight  may  be  suspended 
in  the  issuing  steam,  not  only  when  it  is 
escaping  vertically  into  the  air,  but  even 
when  it  is  inclined  at  an  angle  of  several 
degrees  from  the  perpendicular.  If  a  tube 
several  inches  in  length  be  drawn  out  at 
cue  eitremity  to  a  fine  aperture,  and  this 
contracted  aperture  be  placed  in  the  axis 
of  the  cone  of  issuing  vapour,  whilst  the 
other  end  dips  into  a  vessel  containing  a 
1  '  liquid,  the  latter  may  be  raised  seven  or 

eight  inches,  and  may  even  be  projected  in 
a  stream  from  the  upper  orifice  of  the  tube.  The  amount  of  air 
thus  carried  forward  is  so  considerable,  that  a  jet  of  steam  is 
employed  with  good  effect  as  a  moving  power  in  ventilation.  In 
this  case  the  jet-pipe  is  placed  in  the  axis  of  a  tube  communicating 
with  the  apartment  to  be  ventilated ;  the  size  and  position  of  the 
orifice  of  this  outer  tube  are  regulated  so  that  the  cone  of  issuing 
ateam  shall  exactly  fill  the  opening  (fig.  134,  t) ;  if  the  outer  tube 
be  of  larger  dimensions,  a  loss  of 
power  is  experienced,  in  conse- 
quence of  part  of  the  force  being 
expended  in  producing  a  down- 
ward  current  of  the  external  air 
(3) ;  if  too  small,  a  loss  is  expe- 
rienced by  friction  against  the 
sides  of  the  tube  (2}. 

The  working  of  a  steam- 
engine  depends  upon  the  genera- 
tion of  elastic  force  in  steam  by 
the  agency  of  heat,  and  its  instan- 
taneous destruction  by  the  appli- 
cation of  cold,  which  condenses  the 
vapour;  alternate  motion  in  op- 
posite directions  is  thus  readily 
obtained,  which  may  be  applied 
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by  various  mechanical  contrivances  to  the  production  of  any  re- 
quired movement.  The  theory  of  latent  heat  ia  alUimportaat  in 
the  working  of  the  ateam-enginc ;  but  the  practical  application  to 
this  purpose  of  the  principles  above  developed  is  beyond  the  object 
of  this  work. 

(j88)  DUtillalion. — The  rapid  formation  of  vapour  during 
ebullition  is  often  made  use  of  by  the  chemist  for  the  purpose  of 
separating  liquids  from  solids, — as  in  the  ordinary  case  of  distilling 
water  to  free  it  from  the  impurities  dissolved  in  it,  or  for  the  sepa- 
ration of  two  liquids  which  differ  in  volatility,  as  in  procuring  spirit 
of  wine  from  a  fermented  liquor.  In  such  operations  the  arrange- 
ments for  condensation  acquire  considerable  importance ;  they  are 
of  various  kinds,  but  the  worm-tttb  is  the  apparatus  most  usually 
employed  :  it  consists  of  a  spiral  pipe  called  a  worm,  which  is 
shown   in  fig,  135,  surrounded  by  a  considerable  volume  of  add 
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water :  the  vapour  passes  from  the  boiler  into  the  worm,  is  con- 
densed, and  runs  off  at  the  lower  aperture  into  suitable  receivers. 
Prcsh  additions  of  cold  water  are  continually  required  in  the  re- 
frigeratory,  as  the  worm  and  tub  are  called.  The  heat  is  greatest 
in  the  upper  coils,  where  the  hot  vapour  ent«rs ;  and  as  the  heated 
water,  from  its  diminished  specific  gravity,  remains  at  the  top,  it 
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IB  necessary,  in  supplying  the  fireali  water  for  cooling,  to  allow  It 
to  enter  at  the  bottom  of  the  vessel,  while  the  heated  portions  flow 
off  at  the  upper  part.  The  object  of  ^ving  to  the  stcam-pipc  an 
ascending  direction,  as  it  passes  to  the  condenser,  is  to  insure  the 
return  to  the  boiler  of  any  particles  of  liquid  which  may  have  been 
mechanically  carried  up  by  the  breaking  of  the  bubbles  in  the  act 
of  ebullition. 

Various  modifications  of  condenser  are  employed  in  the  labo- 
ratory. A  convenient  form  of  the  apparatus  is  that  known  as 
IJiebig's.  It  consists  of  an  outer  metallic  tube,  through  the  axis 
of  which  a  glass  tube  is  passed,  and  is  supported  by  perforated 
corks :  the  space  between  the  two  tubes  is  filled  with  water,  which 
is  continually  renewed  by  cold  water  supplied  by  a  funnel  near  the 
lower  extremity,  while  the  hot  water  escapes  at  the  other  end.  The 
method  of  using  it  is  sufficiently  indicated  by  the  annexed  figure. 
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When  the  products  of  distillation  are  not  very  volatile,  it  is 
often  fijund  convenient  to  make  use  of  the  evaporation  of  water 
from  the  neck  of  the  retort  as  a  means  of  condensation.  Fig.  137 
shows  a  method  by  which  this  can  be  effected,  the  neck  of  the 
retort  being  prolonged  by  the  addition  of  the  conical  tube  or 
adapter.  Pieces  of  blotting-paper  are  used  to  distribute  the  water 
as  it  trickles  slowly  from  the  fiinnel,  the  throat  of  which  is  ob- 
structed by  a  plug  of  tow ;  the  superfluous  water  is  carried  off  into 
a  jug  or  other  vessel  placed  to  receive  it,  by  means  of  a  fillet  of 
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tow  twisted  round  the  neck  of  the  retort.  The  prepress  of  the 
distillation  is  hastened  by  covering  the  arch  of  the  retort  with  a 
cap  of  brown  paper  or  of  tin-plate ;  a  chamber  of  hot  air  is  thus 
maiatained  in  contact  with  the  upper  part  of  the  retort,  and  the 
Fio.  137. 


vapour  is  prevented  from  condensing  where  it  would  neceasarily 
return  again  into  the  mass  of  liquid  undergoing  diBtillation. 

The  complete  separation  of  two  liquids  which  differ  in  Tolatility 
cannot,  however,  be  effected  by  mere  distillation,  because  a  certain 
proportion  of  the  less  volatde  one  always  passes  over  with  that 
which  is  the  more  volatile.  The  separation  of  alcohol  and  water, 
for  example,  is  never  completely  effected  by  distillation ;  because  at 
173°  (the  boiling-point  of  alcohol)  the  tension  of  aqueous  vapour 
is  Btill  considerable ;  indeed  it  is  sufficient  to  balance  a  column  of 
mercury  nearly  13  inches  in  height.  In  the  first  distillation  of 
the  fermented  liquor,  a  considerable  proportion  of  water,  there- 
fore, comes  over  with  the  spirit.  The  less  the  amount  of  spirit 
originally  contained  in  the  liquid,  the  larger  is  the  proportion  of 
water  in  the  distilled  liquor.  By  a  second  distillation,  the  pro- 
portion of  water  in  the  distillate  is  reduced ;  and  the  process  may 
be  repeated  with  like  effect  until  the  reduction  of  the  proportion 
of  water  iu  each  successive  product  of  distillation  no  longer  com- 
pensates for  the  waste  and  expense  of  the  operation.  An  ingenioiu 
method  of  dispensing  with  the  necessity  for  these  frequent  and 
costly  rectifications  was  devised  by  a  Frenchman  of  the  name  of 
Adam.  By  its  means  he  succeeded  in  cturying  the  concentration 
at  a  single  operation  to  the  highest  point  attainable  by  mere  distil- 
lation. The  priucipleofthis  invention  consUtain  connecting  together 
x2 
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corrrr*!  vriu- 


^t^^" 


a  DtDnber  of  recti^'iii^  cbamben,  in  rach  &  maimer  that  the  Tapoor 
driren  off  frran  the  chambv  nearest  the  fire  shall  be  condensed  in 
the  Kcond,  and  by  the  heat  given  oat  in  its  condensation  shall  cause 
the  more  volatile  portions  of  the  liqoid  of  the  second  to  distil  into 
the  third  chamber,  and  those  of  the  third  into  a  foortfa,  and  so  on 
till  a  sufficient  decree  of  concentration  is  eSeeted.  The  most  ef- 
fective method  of  attaining  this  object  is  exhibited  in  the  foim  of 
still  called,  &om  its 
^'^  '3^  inyentor,  Coffey's  ttilL 

Fig.  138  represents   a 
section  of  one  of  these 
stills.    B  a'  is  the  bodr 
of  the  still,  which  is 
made   of  copper,  and 
enclosed  in  a  case  of 
wood,  to  prevent  loss 
of  heat:  npon  the  body 
two  colnmns,  n  p,  h  k, 
are    supported;    o    is 
;  the  vessel  from  which 
the  liquor  for  distilla- 
tion 18  raised   by  the 
pump,  q;   the   liquor 
enters  the  column  n  k, 
by  the  long  spiral  pipe 
L  Lj  by  which  it  is  ul- 
ttmatcly  conveyed,  through  the  pipe  m,  to  the  top  of  the  column 
D  r.      The  heat  employed  in   the  distillation  is  not  the  direct 
heat  of  a  fire,  bat  is  procured  by  injectiiig  steam  obtained  from 
a  boiler  not  shown  in  the  figure.     The   steam  enters  the  body 
of  the  still  through  the  pipe  a  ;  the  amount  of  steam  admitted 
being  regulated  by  a  valve,  the  handle  of  which  is  shown  at  r. 
B  b'  is  divided  into  two  chambers,  by  means  of  a  copper  shelf, 
pierced  with  numerous  small  holes,  which  allow  the  passage  of 
steam  upwards,  though  they  are  sufficiently  small  to  prevent  the 
descent  of  any  considerable  quantity  of  liquid  which  may  be  rest- 
ing upon  the  shelf.     The  steam  is  at  first  condensed  in  the  cold 
liquid  of  the  lower  chamber,  but  it  quickly  raises  this  liquid  to 
the  boiling'point,  driving  off  the  alcoholic  portions  first,  as  they 
are  the   most  volatile.     This  vapour  traverses  the  liquid  which 
rests  in  b',  on  the  perforated  shdf,  and  gradually  raises  it  to  the 
boiling-point,    driving   ofiT  from  it   the    alcohol  in  vapour ;  this 
rapouT  passes  off  by  a  pipe,  i,  to  the  bottom  of  the  column  d  v. 
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This  column  is  divided  into  a  series  of  compartments,  by  perforated 
shelves  of  copper ;  each  of  these  shelves  is  provided  with  a  pipe 
for  carrying  off  the  liquid  to  the  shelf  below.     This  pipe  is  long 
enough  to  dip  below  the  surface  of  the  liquid  on  the  shelf  beneath 
it,  and  projects  about  an  inch  above  the  upper  surface  of  the  shelf 
to  which  it  is  attached ;  a  stratum  of  liquid,  about  an  inch  in  depth, 
is  thus  retained  upon  each  shelf,  and  is  traversed  by  the  vapours 
which  ascend  from  the  shelf  next  below  it.     The  wash,  or  liquid 
for  distillation,  having  become  heated  during  its  passage  through 
the  spiral  pipe  in  the  column  h  k,  falls  upon  the  uppermost  per- 
forated shelf  in  D  F,  flows  off  at  the  farthest  end  of  that  shelf,  and 
then  falls  upon  the  next  shelf;  thence  it  passes  to  the  third,  and 
so  on  in  succession  to  each  shelf :  as  it  descends,  it  encounters  the 
ascending  vapours,  which  at  each  successive  step  of  the  ascent  be- 
come more  and  more  alcoholic — the  wash,  as  it  descends  becoming 
weaker  and  weaker,  until  when  it  reaches  the  vessel  b  b',  it  is 
wholly  deprived  of  spirit.     If  the  quantity  of  the  ascending  vapour 
should  become  at  any  time  too  great  to  pass  through  the  perfora- 
tions in  the  shelves,  the  pressure  opens  the  valves  t,  t,  which  are 
provided  for  security  in  each  shelf.     The  vapour  having  reached 
the  top  of  the  column  d  f,  is  conveyed  by  the  steam  pipe  1 1  n,  to 
the  bottom  of  the  finishing  column  or  rectifier  h  k.     The  lower 
part  of  this  column,  as  high  as  the  pipe  y,  is  constructed  exactly 
upon  the  same  plan  as  the  column  d  f,  but  in  each  compartment 
between  the  shelves  the  spiral  pipe  l  l  makes  three  or  four  convo- 
lutions, and  thus  becomes  warmed  by  the  ascending  heated  vapours. 
In  this  second  column  the  spirituous  liquid  distilled  over  from  the 
first  column  undergoes  a  successive  rectification  upon  each  of  the 
lower  shelves,  and  becomes  more  and  more  concentrated  by  the 
ascent  of  the  alcoholic  vapours,  which,  by  their  condensation  at  each 
successive  stage,  emit  sufficient  of  the  heat  previously  held  latent 
to  effect  the  distillation  of  the  more  volatile  portions  of  the  liquid 
by  which  they  are  condensed.      The  five  upper  shelves   of  this 
column  merely  act  as  a  condenser  for  the  alcoholic  vapours ;  these 
shelves  are  not  perforated,  and  are  attached  to  the  alternate  sides 
of  the  column,  leaving  a  narrow  psussage  at  one  end  of  each  shelf, 
so  as  to  oblige  the  vapours  to  describe  a  zigzag  direction :  the  pipe 
Y  carries  off  the  finished  spirit  into  proper  receirers ;  the  pipe  R 
carries  off  any  uncondensed  spirituous  vapour  to  a  refrigeratory, 
whilst  the  weak  spirit  which  reaches  the  lower  part  of  the  column 
is  returned  by  the  pipe  s  to  the  vessel  o.     The  spent  wash,  as  it 
accumulates  in  b  b%  is  drawn  off  at  intervals,  and  the  still  can 
thus  continue  its  operations  without  intermission. 


(189)  ErapOTaliom. — AHliqaid?, 
at  temperatures  &r  belov  theirpotnts 
of  ebnllition,  emit  Tspoor  br  the 
tranqoil  process  of  erapcMstion.  The 
amoont  of  Tapoar  given  off  at  a 
constant  temperature  differs  greatly 
in  different  liquids,  and  is  dependent 
upon  the  temperatnre  at  which  each 
liquid  boils. 

Hie  great  difference  in  the  toI»- 
tility  of  hqnids  at  the  same  tempe- 
rature is  strikingly  shown  by  filling 
a  nnmber  of  banmieter-tDheB  (fig. 
139)  with  mercmy,  and  inverting 
them  in  a  bath  of  the  same  metal. 
One  of  these  tabes  (1)  may  be  kept 
as  a  standard  of  reference :  if  into 
one  of  the  others  (2)  a  few  drops  of 

water  be  allowed  to         _ 

Fio.  140. 


ascend,    an   imme- 
' — -^  diate  depression  of 

the  oolnmn  of  mercury  ia  observed,  due  to  the 
elasticity  of  the  aqueous  vapour  iiimished  by  the 
eTi^x)ration  of  the  water.  If  into  a  third  tube  (3) 
alcohol  be  introduced,  a  greater  depression  will 
be  praveptible ;  bisulphide  of  carbon  in  a  fourth 
tube  (4)  will  produce  a  still  greater  depression, 
and  if  ether  be  admitted  to  a  fifth  (5),  the  height 
of  the  mercurial  column  will  be  Btill  less.  Now 
let  a  second  wider  tube  closed  belov  by  a  cork  be 
placed  round  the  exterior  of  any  one  of  these 
tabes,  so  as  to  indoee  nearly  its  whole  length,  as 
in  fig.  140:  let  the  outer  case  thus  formed  be 
filled  with  water,  the  temperature  of  which  is 
gradually  raised,  so  as  to  communicate  the  heat 
uniformly  to  the  tube  within.  A  progressive  de- 
pression of  the  mercurial  column  is  thus  produced ; 
and  by  measuring  the  amount  of  this  depression, 
it  is  found  that  the  elasticity  of  the  vapour  emitted 
ftom  each  liquid  increases  as  the  temperatiire  rises, 
until  at  the  boiling-point  of  the  liquid  the  elas> 
ticity  becomes  equal  to  that  of  the  air.  If  the 
temperature  increase  according  to  the  terms  of 
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an  arithmetic  ratio,  the  elasticity  rises  according  to  the  terms  of 
a  geometric  progression,  the  ratio  of  which  diflFers  for  each  liquid. 
The  following  table  comprises  some  of  the  results  of  Regnaulfs 
experiments  upon  the  tension  of  the  vapours  of  various  liquids  at 
equal  temperatures.  The  tension  of  the  vapour  is  measured  by  the 
height  of  a  column  of  mercury  in  inches  which  each  vapour  wiD 
support  at  the  temperatures  quoted : — 


Temp. 

Ether. 

Bisnlph. 
Carbon. 

Chloroform. 

AloohoL 

Wftier. 

Oflof 
Turpentine. 

Temp. 

—4 

2725 

013I 

0*036 
0082 

—4 

14 

435^ 

3' 1 10 

0*256 

14 

32 

7176 

5*008 

0*501 

0*182 

0*082 

32 

50 

11-278 

7846 

0948 

0*361 

0090 

50 

68 

17117 

11*740 

3086 

0*686 

0168 

58 

86 

25078 

17*110 

1*245 

0*275 

86 

104 

35*971 

24*310 

14-330 

§159 

2*168 

0*460 

104 

122 

49920 

33*57 

aO'641 

8*675 

3*631 

0*675 

122 

140 

68121 

43*71 

29*054 

13*770 

5-874 

1*058 

140 

158 

90*92 

60*98 

3«*43 

21*228 

9-201 

1628 

158 

176 

II 603 

79*94 

53*85 

3200 

13*998 

2*408 

176 

194 

15350 

10327 

71*31 

4686 

20*  740 

3582 

194 

212 

193*72 

13075 

92*70 

66*33 

30-00 

5*310 

212 

230 

24602 

162*84 

118*91 

92-5? 

4245 

7*372 

230 

248 

201-58 

150*31 

126*26 

§8-87 
80-14 

10*117 

248 

266 

246-47 

i§5-86 

170*51 

13*660 

266 

284 

221*95 

107*27 
141*30 

18-199 

284 

302 

28573 

23*798 

302 

320 

183*61 

30*596 

320 

338 

235*32 

38-93 

338 

356 

297-87 

48-41 

356 

374 

372-71 

59*62 

374 

392 

461-38 

73*45 

392 

(190)  Daltorin  Law  of  Tension  of  Vapours. — It  was  assumed 
by  Dalton  that  the  tension  or  elasticity  of  all  vapours  was  equal, 
if  compared  at  temperatures  which  represented  differences  of  an 
equal  number  of  degrees  above  or  below  the  boiling-points  of  their 
respective  liquids,  the  elastic  force  of  the  vapour  increasing  accord- 
ing to  the  terms  of  a  geometric  progression  uniform  for  all  liquids, 
as  the  temperature  rose  in  terms  of  an  arithmetic  progression. 
This  law  is  not  strictly  in  accordance  with  the  results  of  experiment. 
However,  for  short  distances  above  and  below  the  boiling-point, 
it  is  very  nearly  true,  excepting  in  the  case  of  mercury,  and  may 
be  employed  for  the  purpose  of  correcting  the  observations  of  the 
boiling-points  of  liquids  made  at  atmospheric  pressures  which  are 
but  little  above  or  below  the  standard  pressure  of  30  inches. 

The  following  table  exhibits  the  elasticity  of  the  vapours  of 
five  different  liquids  at  corresponding  distances  above  and  below 
their  boiling-points : — 
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Tension  of  Vapours  at  equal  distances  from  the  Boiling  Points 

of  the  Liquids, 


BieVAVLT. 

Ub>. 

U». 

Mabx. 

Atogadbo. 

Number  of 

degrees  F. 

•Sore  or 

below 

Water. 

Alcohol. 
8p.  Or.  0*813. 

Ether. 

Sulphide  Carbon. 

Men 

OUTJ, 

boiling. 

Teinp. 

Press. 

Temp. 

Press. 

Temp. 

Press. 

Temp. 

Press. 

Temp. 

Press. 

°F. 

Inches. 

op 

Inches. 

"F. 

Inches. 

«f: 

Inches. 

"F. 

Inches. 

+  40 

1S2 

6314 

+  30 

242 

52-90 

134 

509 

4-  20 

«3« 

4406 

>«4 

44-64 

137 

43-19 

4-  10 

222 

3647 

183 

3700 

"4 

35  *« 

137 

35  "60 

BoiliDg  ) 
Point    j 

913 

30-00 

173 

3000 

104 

30-00 

"7 

39-87 

680 

30*00 

—  10 

3oa 

WSO 

163 

34'30 

t 

24-70 

107 

34-91 

—  20 

199 

1987 

153 

19-30 

SO'OO 

97 

30-65 

—  30 

18a 

i6'oo 

143 

1505 

74 

i6-io 

87 

17-00 

—  40 

17a 

1278 

133 

ii'6o 

64 

13*00 

77 

13-89 

—  50 

163 

lO'IS 

"3 

8-75 

54 

10-30 

67 

11-37 

630 

1985 

—  60 

i5« 

7*94 

"3 

670 

44 

8-14 

57 

9-07 

—  70 

143 

618 

103 

400 

34 

6-ao 

47 

7«4 

—  80 

132 

476 

•    93 

367 

37 

5*73 

—  90 

122 

3-63 

83 

«73 

«7 

4'49 

590 

14-08 
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The  ether  used  in  these  experiments  could 
not  have  been  perfectly  pure,  as  its  boiling-point 
is  too  high.  The  boiling-point  of  mercury  was 
estimated  by  a  mercurial  thermometer  without 
correction  for  the  increasing  rate  of  expansion 
at  high  temperatures. 

The  increase  of  elasticity  produced  by  heat 
in  those  vapours  which  are  in  contact  with  the 
liquids  by  which  they  are  furnished,  indicates 
also  a  corresponding  increase  in  their  density : 
the  one  may,  in  fact,  be  calculated  from  the 
other.  When  the  temperature  is  reduced,  the 
elasticity  falls,  and  a  portion  of  the  vapour  is 
condensed.  There  is,  indeed,  for  every  vapour 
a  maximum  density  for  each  temperature, 
which,  when  the  liquid  is  in  contact  with  the 
vapour,  is  speedily  attained,  but  which  cannot 
be  surpassed,  no  matter  how  much  the  pressure 
to  which  the  vapour  is  subjected  may  vary ;  an 
increase  of  pressure  immediately  condenses  a 
part  of  the  liquid  that  had  evaporated,  and  a 
diminution  of  pressure  is  attended  with  imme- 
diate volatilization  of  a  fresh  portion  of  the 
liquid :  consequently  a  cubic  inch  of  vapour  of 
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any  particular  liquid  at  any  given  temperature,  is  always  of  the 
same  elasticity,  and  possesses  the  same  weight.  If  a  small  quantity 
of  ether  be  thrown  up  into  the  vacuum  of  the  barometer  tube, 
represented  in  fig.  141,  the  length  of  the  column  of  mercury,  a  b, 
above  tlie  level  of  that  in  the  bath,  will  continue  to  be  nearly  the 
same  whether  the  tube  be  raised  or  lowered  in  the  outer  vessel; 
if  it  be  raised,  fresh  ether  will  evaporate,  if  depressed,  part  of  the 
vapour  will  be  condensed. 

(191)  Limit  of  Evaporation. — From  what  has  just  been  stated 
it  might  be  supposed  that  all  liquids,  at  even  the  lowest  tempera- 
tures, were  constantly  emitting  vapour.  That  mercury  does  so  at 
common  atmospheric  temperatures  may  be  shown  by  a  very  simple 
experiment.  Place  at  the  bottom  of  a  bottle  a  few  drops  of  mer- 
cury, and  suspend  in  the  neck  a  bit  of  gold  leaf;  in  a  few  weeks 
the  lower  portions  of  the  gold  will  become  white  from  the  conden- 
sation of  the  vapour  of  mercury  upon  it.  In  the  tube  of  a  well- 
made  barometer  the  same  thing  is  shown  by  the  formation  of  a  dew 
of  metallic  globules  in  the  space  above  the  column  of  metal.  Faraday 
has,  however,  proved  that  there  is  a  temperature  below  which  this 
volatilization  ceases,  a  temperature  which  varies  for  diflFerent  sub- 
stances ;  for  mercury  the  limit  is  about  40°  F.;  for  sulphuric  acid 
the  limit  is  much  higher,  since  the  acid  undergoes  no  sensible 
evaporation  at  ordinary  atmospheric  temperatures.  The  cohesive 
force  of  the  liquid  here  appears  to  overcome  the  feeble  tendency 
to  evaporation. 

It  is  not  necessary  for  the  evaporation  of  a  body  that  it  should 
be  in  the  liquid  form.  Solid  camphor  is  constantly  emitting  va- 
pour, which  condenses  in  a  crystalline  form  on  the  sides  and  upper 
part  of  the  vessel  which  contains  it.  Ice,  if  introduced  into  the 
vacuum  of  a  barometer,  immediately  causes  a  depression  of  the 
mercurial  column  amounting  at  32°  to  upwards  of  18  hundredths 
of  an  inch,  and  even  at  zero  the  tension  of  the  vapour  of  ice  is 
found  to  amount  to  4  hundredths  of  an  inch.  It  is  owing  to  this 
evaporation  that  patches  of  snow  and  tufts  of  ice  are  observed 
gradually  to  disappear  even  during  the  continuance  of  a  severe 
frost. 

Regnault  found  in  his  experiments  that  no  appreciable  change 
in  the  curve  which  represents  the  elastic  force  of  a  vapour  is  pro- 
duced by  the  passage  of  a  body  fix)m  the  solid  to  the  liquid  state ; 
that  is  to  say,  that  there  is  no  abrupt  diminution  in  the  amount 
of  vapour  emitted  from  a  body  when  it  becomes  solid. 

It  has  been  shown  that  if  the  temperature  of  one  of  the  tubes^ 
shown  in  fig.  139,  which  contains  a  volatile  liquid^  be  uniformly 
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raised  throughout  its  entire  length,  the  elasticity  of  the  vapoitf 
increases  rapidly  till  the  liquid  reaches  its  boiling-point.  The 
application  of  heat  to  one  portion  only  of  the  tube,  however,  is 
attended  with  a  very  different  result :  the  liquid  may  even  be 
heated  to  ebullition,  and  it  will  distil  and  be  condensed,  but  unless 
the  whole  of  that  portion  of  the  tube  which  is  filled  with  vapour 
be  heated  to  the  same  degree,  no  corresponding  increase  of  elasti- 
city will  be  observed :  the  tension  can  never  exceed  that  due  to 
the  elasticity  of  the  vapour  which  would  be  emitted  if  the  liquid 
were  at  the  same  temperature  as  that  of  the  coolest  portion  of  the 
tube  above  the  liquid ;  because  the  excess  of  vapour  is  at  once  con- 
densed as  soon  as  it  reaches  this  colder  part  of  the  space.  The  ether, 
for  example,  in  the  barometer-tube  5,  fig.  139,  may  be  made  to  boil 
by  the  heat  of  the  hand,  but  the  height  of  the  column  of  mercury 
undergoes  little  change ;  the  ether  vapour  being  condensed  in  the 
colder,  portions  of  the  space  as  rapidly  as  it  is  produced.* 

(19a)    Circumstances  which  Influence  Evaporation, — In   the 
process  of  evaporation,  the  vapour  is  supplied  only  fipom  the  super- 
ficial layer  of  the  liquid.     It  is  therefore  evident  that  the  extent 
of  surface  exposed  must  greatly  influence  the  amount  and  rapidity 
of  evaporation,  independently  of  the  temperature.     Now  if  the 
evaporating  surface  be  in  any  way  protected,  as  by  allowing  a 
small  quantity  of  oil  to   become  difiused  over  it,  evaporation  is 
entirely  suspended.     Advantage  is  sometimes  taken  of  this  fact 
in  the  laboratory,  in  cases  where  it  is  necessary  to  maintain  a  gentle 
heat  for  many  hours :  the  vessel  to  be  heated  is  supported  in  a 
larger  one  containing  water,  upon  the  top  of  which  a  little  oil  has 
been  poured ;  under  these  circumstances  the  danger  of  the  water- 
bath  becoming  dry  is  obyiated,  and  the  temperature  required  ia 
kept  up  by  a  smaller  expenditure  of  fuel,  because  the  escape  of  latent 
heat  by  evaporation  is  prevented.    When,  on  the  contrary,  a  rapid 
evaporation  is  necessary,  a  large  extent  of  surface  is  exposed.     In 
the  salt  works  of  Cheshire,  for  instance,  the  biine  is  evaporated  in 
shallow  pans,  4  or  5  feet  wide  and  40  or  50  feet  in  length,  the  fire 
being  lighted  at  one  end  and  the  flue  passing  horizontally  under- 
neath to  the  other  extremity.     At  Salzburg,  in  the  Tyrol,  the 
same  object  is  effected  by  pumping  the  weak  brine  into  reservoirs, 
whence  it  is  allowed  to  trickle  down  through  stacks  of  brushwood, 
by  which  means  the '  surface  exposed  to  evaporation  in  the  air  is 
almost  indefinitely  increased.     In  the  southern  parts  of  Europe 


*  In  the  Appendix  to  Fart  III.  will  be  found  a  Table  giving  the  tension 
ef  aqueooa  vapour  for  each  degree  F.  between  0°  and  ioo°. 


EVAPORATION    AT    DIFFERENT   PRESSURES. 


815 


the  sea-water  is  admitted  into  extensive  shallow  pans  excavated  on 
the  sea  coast,  where  by  exposure  to  the  siin^s  rays  it  becomes 
concentrated,  and  the  salt  crystallizes  out. 

Another  circumstance  which  influences  the  rate  of  evaporation 
is  the  amount  and  nature  of  the  pressure  upon  the  surface  of  the 
liquid.  Uj)on  this  subject  a  series  of  experiments  was  made  by 
Daniell.  Under  a  receiver  connected  with  the  air-pump,  he  placed 
a  circular  dish  of  water,  2*7  inches  in  diameter,  and  supported 
above  a  dish  containing  concentrated  sulphuric  acid, — the  object  of 
using  the  acid  being  to  absorb  the  aqueous  vapour  as  fast  as  it 
was  generated :  the  results  of  these  experiments  are  given  in  the 
following  table : — 

Rate  of  Evaporation  under  Different  Pressures, 


Pressure  in  Inches 
of  Mercury. 

Grains 
£Tapor»ted. 

Premire  in  Inches 
of  Mercury. 

Grains 
Eraporated. 

304 

7-6 
3-8 

124 

2*92 
5*68 

9*12 

19 

o*95 

047 
007 

15*92 

29*33 

5074 

112*23 

The  time  in  each  experiment  was  30  minutes,  the  temperature 
45°  F.  It  is  obvious  that  the  rapidity  of  evaporation  under  these 
circumstances  was  inversely  as  the  pressure,  which  was  read  ofl* 
upon  the  gauge. 

The  resistance  offered  by  the  pressure  of  a  gas  or  vapour  upon 
the  surface  of  a  liquid  is  purely  mechanical ;  and  it  follows  as  a 
consequence  of  the  law  of  the  diffusion  of  gases,  that  the  quantity 
of  vapour  which  rises  from  a  volatile  body  in  a  confined  space,  is 
the  same  whether  that  space  be  filled  with  air  or  not.*  The  time 
that  is  occupied  before  the  space  shall  have  received  its  full  com- 
plement of  any  given  vapour  varies  inversely  with  the  pressure; 
and  with  different  vapours  under  similar  pressures,  the  time  varies 
with  the  diffnsiveness  of  the  vapour.  The  vapour,  as  it  rises, 
adds  its  own  elastic  force  to  that  of  the  air  present.  When  a 
liquid  evaporates  into  an  empty  space,  the  ftdl  elasticity  due  to  the 
temperature  and,  consequently,  the  maximum  density  of  the 
vapour,  is  acquired  at  once ;  but  when  it  evaporates  into  a  gas. 


*  Eegnaalt  finds  that  this  is  not  absolutely  true,— the  tension  of  aqoeooB 
vapour  in  air  being  slightly  less  than  in  vacuo,  but  the  difference  does  not 
amount  to  more  than  3  per  cent,  at  its  maximum.  The  same  thing  was  found 
to  hold  good  with  the  vapour  of  ether,  the  tension  of  which,  whether  in  air, 
in  hydrogen,  or  in  carbonic  acid,  was  always  lower  than  it  was  at  the  same 
temperature  in  vacuo. 
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that  degree  of  density  is  not  acquired  until  after  the  lapse  of  a 
variable  interval  of  time.  The  circumstance  which  in  both  cases 
finally  limits  the  evaporation  of  the  liquid,  is  the  pressure  of  its 
own  vapour  of  a  definite  degree  of  elasticity  upon  its  surface.  It 
is  therefore  clear  that  the  larger  the  proportion  of  moisture  that 
is  contained  in  the  air  at  any  given  time,  the  smaller  will  be  the 
quantity  of  aqueous  vapour  that  rises  from  an  exposed  surface  in 
a  given  time ;  and  that  in  proportion  as  the  space  is  more  nearly 
charged  with  vapour,  the  more  slowly  is  each  succeeding  portion 
of  vapour  produced.  Evaporation,  in  short,  is  more  rapid  in  a  dry 
than  in  a  moist  atmosphere.  For  the  same  reason,  evaporation 
proceeds  more  rapidly  during  a  breeze  than  when  the  air  is  still : 
for  the  air  which  rests  on  the  surface  of  a  liquid  soon  becomes 
charged  to  the  maximum  with  vapour,  and  then  all  further  evapo- 
ration would  cease  were  it  not  for  circulating  movements,  which, 
even  in  the  stillest  air,  are  occasioned  by  the  change  of  density  due 
to  the  accession  of  moisture ;  the  currents  produced  by  a  breeze 
assist  these  movements,  and  the  vapour  rises  into  portions  of  air 
which  are  being  continually  changed,  so  that  the  pressure  of  the 
aqueous  vapour  on  the  surface  of  the  liquid  is  rapidly  removed. 

In  the  case  of  mixed  liquids,  Gay-Lussac  inferred  from  his  ex- 
periments that  the  tension  of  the  mixed  vapour  was  equal  to  the 
sum  of  the  tensions  of  the  two  vapours  taken  separately.  This, 
however,  is  true  only  for  liquids  which,  like  bisulphide  of  carbon 
and  water,  or  like  benzol  and  water,  do  not  sensibly  dissolve  each 
other;  in  other  cases,  as  the  experiments  of  Begnault  and  of 
Magnus  have  shown,  the  tension  may  scarcely  exceed  that  of  the 
more  volatile  liquid ; — for  example,  in  the  case  of  a  mixture  of 
ether  and  water,  the  tension  is  scarcely  higher  than  that  due  to 
ether  only.  If  the  two  liquids  be  soluble  in  each  other  in  all 
proportions,  as  water  and  alcohol,  the  tension  of  the  mixed  vapour 
is  generally  greater  than  that  of  the  less  volatile,  but  less  than 
that  of  the  more  volatile  liquid. 

Wiillner  [Pogg,  AnnaLy  ex.  564)  has  shown  that  the  tension 
of  aqueous  vapour  emitted  from  a  saline  solution,  when  compared 
with  that  of  pure  water,  is  diminished  by  an  amount  proportional 
to  the  quantity  of  anhydrous  salt  dissolved,  when  the  salt  crys- 
tallizes in  the  anhydrous  form,  or  when  it  furnishes  eflSorescent 
crystals.  In  cases  where  the  salt  is  deliquescent,  or  has  a  powerful 
attraction  for  water,  the  reduction  of  tension  is  proportional  to 
the  quantity  of  the  crystallized  salt.  For  example,  sulphates  of 
sodium,  nickel,  and  copper,  nitrate  of  calcium,  and  ordinary  phos- 
phate of  sodium  (NagHPOJ  produce  a  diminution  of  tension  pro- 
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portioned  to  the  weight  of  the  anhydrous  salt,  whilst  for  caustic 
potiish  and  soda,  and  for  chloride  of  calcium,  it  is  proportional  to 
the  hydrates  KHO,  2  H^O ;  2  NaHO,  3  H^O ;  CaCl^  3  H3O.  The 
amount  by  which  the  tension  is  reduced  for  equal  weights  of  the 
compounds  compared,  varies  greatly  with  their  nature.  Sulphate 
of  nickel,  for  instance,  dissolved  in  the  proportion  of  10  per  cent. 
{NiSO^)  reduces  the  elastic  force  of  the  vapour  at  212^  by  13*2"™', 
whilst  a  similar  proportion  of  hydrate  of  potash  (KHO)  effects  a 
reduction  of  35*6"^ 

Evaporation  in  a  confined  space,  in  which  the  atmosphere  is 
kept  constantly  in  a  state  of  dryness,  is  often  resorted  to  in  the 
laboratory.  Crystallizations  on  a  small  scale  are  frequently  effected 
in  this  way ;  the  liquid  evaporates,  and  is  absorbed  by  a  surface 
of  sulphuric  acid,  as  in  the  experiment  of  Leslie  {185).  The  eva- 
poration may  be  rendered  quicker  or  slower  according  to  the  extent 
to  which  the  exhaustion  of  the  receiver  is  carried.  Many  com- 
pounds which  would  be  injured  by  exposure  to  air,  or  to  a  mode- 
rate rise  of  temperature,  may  be  dried  effectually  in  this  manner. 

As  a  necessary  consequence  of  the  evaporation  which  is  con- 
tinually going  on  over  the  entire  surface  of  the  earth,  the  atmo- 
sphere is  at  all  times  charged  with  moisture,  the  amount  of  which 
is  perpetually  varying,  but  it  is  almost  always  below  the  propor- 
tion which  experiment  gives  as  the  maximum  density  for  aqueous 
vapour  due  to  the  observed  temperature.  It  is  owing  to  the  cir- 
cumstance that  the  air  is  rarely  fiilly  charged  with  vapour,  that 
wet  bodies  become  dry,  and  that  the  surface  of  the  soil,  although 
saturated  with  moisture,  yet  in  a  few  hours  or  days  becomes 
parched  and  dusty.  By  the  process  of  evaporation  from  the  sur- 
face of  the  land  as  well  as  of  the  ocean,  a  natural  distillation  is 
thus  continually  effected,  by  which  a  perpetual  circulation  of  water 
is  maintained ;  the  waters  conveyed  by  the  rivers  into  the  sea  re- 
turn imperceptibly  into  the  atmosphere.  The  vapour  thus  raised 
either  assumes  an  invisible  form,  or  it  floats  about  in  masses  of 
cloud ;  these  are  at  length  arrested,  particularly  by  mountains  and 
elevated  ridges  of  land,  and  becoming  condensed,  descend  as 
showers,  and  supply  stores  of  water,  which  flow  down  the  sides  of 
the  hills,  and  collect  in  the  ravines,  or  else  are  absorbed  into  the 
porous  strata.  The  waters  thus  absorbed  sink  into  the  soil  until 
they  meet  with  a  bed  of  clay  or  some  other  stratum  impervious  to 
moisture ;  by  this  they  are  arrested,  and  flow  along  its  surface  till 
they  burst  out  as  springs  in  the  valleys.  These  springs  in  their 
turn  ftimish  constant  supplies  to  the  rivers,  and  the  rivers,  after 
irrigating  the  countries  through  which  they  flow,  again  empty 
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themselves  into  the  ocean.  The  frequency  of  rain,  and  various 
other  meteorological  phenomena  of  the  highest  interest  and  im- 
portance^— in  fact,  many  of  the  great  peculiarities  of  climate,  are 
mainly  influenced  by  the  variations  in  the  quantity  of  moisture  which 
is  contained  in  the  atmosphere.  The  knowledge  of  the  quantity 
o£  aqueous  vapour  which  exists  at  any  given  time  in  a  certain 
bulk  of  air,  becomes,  therefore,  a  problem  which  is  constantly  re- 
quiring solution  for  meteorological  purposes.  Instruments  em- 
ployed for  this  purpose  are  termed  hygrometers  (from  vypo^,  moist, 
and  fierpov,  a  measure).  Various  methods  have  been  proposed  for 
determining  the  proportion  of  moisture  in  the  air;  the  simplest 
and  the  most  accurate  of  these  consists  in  the  determination  of 
the  dew-point. 

(193)  DeW'Poini. — It  is  evident  that  a  reduction  of  tempera- 
ture in  a  space  already  charged  to  the  maximum  with  vapour,  must 
produce  a  deposit  of  moisture  in  the  liquid  form.     Such  a  result, 
in  fact,  accords  with  daily  observation :  for  example,  when  a  glass 
of  cold  water  is  brought  *  into  a  warm  room,  its  surface  becomes 
bedewed  with  moisture.     This  observation  has  been  ingeniously 
turned  to  account  for  the  purpose  of  determining  the  quantity  of 
moisture  present  in  the  air  at  any  given  time.     If  the  cold  liquid 
be  poured  from  one  vessel  to  another,  its  temperature  will  be  gra- 
duidly  raised ;  the  quantity  of  dew  which  is  formed  on  the  outside 
of  the  vessel  into  which  it  is  poured  will  become  less  and  less,  until 
it  ceases  to  be  formed  at  all.   By  noting  with  a  sensitive  thermometer 
the  exact  temperature  at  which  this  formation  of  dew  ceases,  the 
tension  of  the  aqueous  vapour  present  in  the  air  at  that  period  can 
be  readily  ascertained  from  tables  constructed  for  that  purpose,  and 
the  corresponding  proportion  of  moisture  calculated.     If  the  tem- 
perature of  the  air  at  the  time  be  noted,  it  is  easy  to  determine 
the  additional  proportion  of  moisture  which  the  air  at  that  time 
is  capable  of  taking  up.     This  comparison  is  generally  made  by 
calling  the  quantity  of  invisible  vapour  which  it  is  possible  for  air 
to  retain  at  the  particular  temperature  at  the  time  of  observation 
1000,  and  calculating  from  the  observed  dew-point  the  proportion 
which  the  amoimt  actually  present  bears  to  that  which  might  exist 
at  that  temperature.      Suppose,  for  example,  when  the  air  is  at 
6qP  F.,  that  the  dew-point  be  as  low  as  50° ;  that  is,  the  tempe- 
rature at  which  dew  begins  to  be  formed  is  50°.     On  reference  to 
the  table,  it  appears  that  the  tension  of  vapour  at  60°  amounts  to 
0*518  inch  of  mercury,  while  at  50°  it  is  equal  to  only  0*361. 
Now  the  quantity  of  vapour  is  directly  proportioned  to  its  tension ; 
therefore  by  proportion : — 


daniell's  dew-point  htobometeb. 
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Fig.  14a. 


0*518      :     0*361      ::      looo     :     x     (=  696). 
696  represents  the  degree  of  atmospheric  saturation  at  the  time 
of  ohscrvation. 

Practically,  however,  it  is  desirable  also  to  know  the  actual 
rate  of  evaporation  at  the  time  (or  the  number  of  grains  of  water 
which  evaporate  from  a  given  surface,  such  as  a  square  foot  of 
water  freely  exposed  to  the  air),  since  it  is  this  which  in  great 
measure  determines  the  drying  influence  of  the  atmosphere  upon 
the  human  body,  and  upon  the  substances  exposed  to  its  action. 

{ 1 94)  Daniell's  Hygrometer. 
— The  method  of  observing  the 
dew-point  above  mentioned,  al- 
though it  affords  very  exact  re- 
sults, is  tedious  in  practice.  To 
facilitate  this  operation,  a  beauti- 
ful instrument  was  contrived  by 
Daniell,  and  termed  by  him  the 
Dew-point  Hygrometer.  It  con- 
sists essentially  of  a  small  cryo- 
phorus  (fig.  142),  containing  ether 
instead  of  water,  one  limb  of 
which,  c,  is  longer  than  the  other, 
and  terminates  in  a  ball,  b,  made 
of  black  glass  for  the  purpose  of 
rendering  the  moment  at  which 
the  deposition  of  dew  occurs  more 
readily  observable.  In  the  long 
limb  of  the  instrument  is  placed 
a   sensitive  thermometer,  rf,  the 

bulb  of  which  is  partially  immersed  in  the  ether.  The  second 
bulb,  a,  is  covered  with  muslin.  In  constructing  the  apparatus, 
the  ether  is  boiled  to  expel  the  air,  and  the  instrument  is  herme- 
tically sealed  whilst  the  ether  is  still  boiling.  When  the  hygro- 
meter is  to  be  used,  all  the  ether  is  driven  into  i,  by  inverting 
the  instrument  and  warming  the  bulb  a  with  the  hand;  the  in- 
strument is  then  placed  in  the  clip  A,  on  the  top  of  the  stand  g. 
On  allowing  a  few  drops  of  ether  to  fall  on  the  muslin,  the  vapour 
within  the  ball  a  is  condensed  by  the  reduction  of  temperature 
occasioned  by  the  rapid  evaporation  thus  produced  on  its  outer 
surface ;  fresh  vapour  rises  from  the  surface  of  the  ether  in  the 
blackened  ball,  from  the  diminished  elasticity  of  the  vapour  above 
it :  the  temperature  of  this  ether  and  of  the  ball  in  contact  with 
it  is  lowered^  and  deposition  of  dew  conmiences  on  the  surface  of 
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the  black  ball,  in  the  form  of  a  ring,  which  coincides  with  the 
level  of  the  ether.  The  moment  that  this  occurs,  the  temperature 
marked  by  the  included  thermometer,  rf,  is  observed.  It  is,  however, 
possible,  if  the  reduction  of  temperature  has  been  rapid,  that  the 
loss  of  heat  may  not  be  perfectly  uniform  throughout  the  ether 
in  the  black  bulb,  in  consequence  of  which  the  temperature  indi- 
cated by  the  thermometer,  rf,  may  be  a  little  too  high ;  it  is  there- 
fore well  to  observe  the  temperature  of  rf  a  second  time,  at  the 
moment  when  the  ring  of  dew  disappears,  during  the  return  of 
the  instrument  towards  the  temperature  of  the  surrounding  air. 
This  observation  will  now  probably  be  slightly  too  low,  but  the 
mean  of  the  two  will  accurately  furnish  the  temperature  of  the 
dew-point.  The  temperature  of  the  atmosphere  at  the  time  is  in- 
dicated by  the  thermometer  k. 

In  making  an  observation,  the  hygrometer  should  be  placed  at 
an  open  window,  and  a  small  cardboard  screen  should  be  interposed 
between  the  two  bulbs,  to  prevent  the  vapour  of  the  ether  from 
extending  to  the  atmosphere  around  the  blackened  bulb.  With 
proper  care,  the  instrument  will  yield  results  of  great  accuracy. 
An  excellent  hygrometer,  on  a  similar  principle,  but  of  less  por- 
table construction,  has  been  used  by  Regnault. 

The  following  table  has  been  calculated  from  a  mean  of  seven- 
teen years*  daily  observations  at  the  gardens  of  the  Horticultural 
Society,  Chiswick,  near  London,  and  it  displays  very  strikingly 
the  vast  amount  of  evaporation  which  is  continually  occurring ; 
and  at  the  same  time,  the  great  fluctuations  to  which  its  average 
amount  is  liable  at  different  seasons : — 


Average  Rate  of  Evaporation  at  different  Seasons. 


Period. 

Mean 
Temp.  °  P. 

Mean 

Dew.  Point 
op 

Mean 
Saturation. 

Possible  amount  of  Braporation. 

Gns.  per 
square  ft. 
in  I  min. 

lb.  per 

acre  in  i 

min. 

GkiUoDS 

par  acre  in 

34  hours. 

Annual    ... 
Summer  ... 
Winter   ... 

49'88 

62*21 
3895 

44*31 
54-56 

3564 

837 
776 

913 

800 

i6*8o 
384 

4987 
104*50 

23*89 

7166 
15048 

3450 

The  full  amount  of  this  evaporation  only  takes  place  from  the 
surface  of  water,  and  then  only  during  a  breeze. 

(195)  Wet'bulb  Hygrometer,  —  Other  methods  have  been 
proposed  for  determining  the  quantity  of  moisture  present  in  the 
atmosphere.  Of  these  hygrometers,  one  only,  the  wet-bvlb  hy- 
grometer^ need  be  noticed  here :  it  is  shown  at  fig.  143.     In  sim- 
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plicity  of  action  it  leaves  uothing  to  be  de-  Fio.  143. 

sired,  aa  it  consists  merely  of  two  similar 
thermometers,  a,  s,  placed  side  by  side  on  the 
same  stand,  M  /;  the  bulbs,  b,  b,  of  both  are 
covered  with  muslin,  and  one  of  them  ia  kept 
constantly  moiat  by  means  of  the  capillary 
action  of  a  few  fibres  of  cottouj  e,  which 
connect  it  with  a  small  vessel,  a  c,  contain- 
ing water.  The  rate  of  evaporation,  and 
consequently  the  depression  of  temperature 
of  the  moistened  bulb,  will  be  greater  in 
proportion  as  the  atmosphere  is  further  &om 
its  point  of  saturation ;  and  tables  have  been 
given  for  determining  the  degree  of  satura- 
tion for  all  differences  of  temperature  within 
the  ordinary  atmospheric  range.  The  elabo- 
rate i-escarches  of  Ilcgnault  {Ann.  de  Chimie, 
III.  XV.  1 29)  have  shown  that  the  indications 
of  this  hygrometer  require  a  variety  of  cor- 
rections which  cannot  be  correctly  estimated. 
The  formula  which  on  the  whole  corresponds 
best  with  observation  is  that  of  Apjohn: 
f=f~U^t-  I"  tliia  formula/  is  the  ten- 
sion of  steam  at  the  dew  point,  /  is  the  ten- 
sion of  steam  at  the  observed  temperature  of 
the  air,  d  is  the  difference  in  temperature  of  - 
the  two  thermometers,  8)i  is  a  constant  c 
ef&cient  for  the  specific  heats  of  air  and 
steam,  p  is  the  observed  height  of  the  barometer,  30  is  the  mean 
height  of  the  barometer. 

From  an  extensive  series  of  comparisons  made  at  the  Greenwich 
Observatojry,  between  the  wet-bulb  hygrometer  and  Daniell's  in- 
strument, Glaisher  concludes  that  the  dew-point  may  be  ascer- 
tained by  multiplying  the  difference  between  the  temperature  of 
the  dry  and  the  wet  bulb,  by  a  number  depending  upon  the  tem- 
perature of  the  air  at  the  time  of  observation,  and  subtracting  the 
product  from  this  last-mentioned  temperature. 

The  numbers  which  he  gives  are  contained  in  the  following 
table :— * 


*  When  the  dsn-point  wai  oaltmlated  by  Apjobn's  fonnul*  (W)m  the  indi- 
cationR  of  the  wet-bulb  thermometer,  the  extreme  diSerencea  from  the  true 
dew.poiat,  fumiibed  bj  DanieU's  iDitrament,  were  found  in  two  jetn  at 
Greentrich  to  be  — s''^  between  65°  and  70°,  and  +  3,° 6  between  75"  and 
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Dry  Bulb.       \ 
Tfflnpmtore^F. .' 

Maltaplier. 

Dry  Bulb.       ") 
T«mpentor«°F.  i 

MohiplMr. 

below  24 

8-5 

35  to  40 

3-5 

34  to  25 

2:3 

40  to  45 

a-3 

35  to  ao 

45  to  50 

a*i 

ao  to  a? 
aj  to28 
afitoap 

61 

60  to  55 

a*o 

69 

1-8 

67 

60  to  65 

1-8 

39  to  30 

5*5 

65  to  70 

i'7 

30  to  31 

^1 

70  to  75 
75  to  80 
So  to  85 

1*5 

31  to  32 

3^ 

1*5 

33  to  33 

^'l 

i*o 

33*0  34 

a-8 

34  to  35 

2-6 

Since  the  tension  of  aqueous  vapour  diminishes  according  to 
the  terms  of  a  geometric  progression,  whilst  the  temperature  taUa 
in  arithmetic  progression,  the  elasticity  of  the  vapour  contained  in 
the  atmosphere  at  any  given  time  is  reduced  by  a  fall  of  tempe- 
rature more  rapidly  than  in  direct  proportion  to  the  fall ;  it  there- 
fore necessarily  happens,  that  if  a  current  of  heated  air,  charged 
to  the  maximum  with  aqueous  vapour,  meet  a  current  of  cold  air 
also  charged  to  its  maximum  with  vapour,  the  intermingled  por- 
tions of  air  at  the  mean  temperature  of  the  two  can  only  retain 
a  part  of  the  vapour  in  the  invisible  condition,  and  the  formation  of 
a  cloud  or  mist  is  the  consequence.  For  example,  suppose  two 
equal  volumes  of  sir,  one  at  60^  the  other  at  40^,  each  saturated 
with  vapour,  to  be  intermingled — ^the  temperature  of  the  inter- 
mingled air  would  be  50^.  Now  the  elastic  force  of  aqueous 
vapour  at  60^  is  0*518 ;  at  40^  it  is  0*247.  ^^  mean  of  these 
quantities  is  0*382,  but  the  actual  elastic  force  of  vapour  at  50^  is 
only  0*361 ;  consequently  an  amount  of  vapour  represented  by  an 
elastic  force  of  o*382— 0*361,  or  0*021,  will  be  precipitated  in  the 
form  of  a  cloud.  It  was  upon  this  principle  that  Hutton  accounted 
for  the  formation  of  rain ;  and  so  far  as  it  goes,  the  theory  is 
satisfactory :  there  are,  however,  other  important  causes  concerned, 
but  the  subject  cannot  be  appropriately  discussed  fiirther  in  this 
work. 

(T96)  Liquefaction  and  Solidification  of  Gases, — Vapours  were 
formerly  considered  to  be  essentially  different  in  their  nature  fix>m 
gases  ^  but  comparatively  recent  experiments,  particularly  those  by 
Faraday,  have  shown  that  the  difference  between  gases  and  vapours 


60^;  whilst  the  extrema  differences  by  Glaisher's  factors  are  — 3^7  between 
75^  and  8o^  and  +  ^^'6  between  75^and8o^— (Daniell's  MeUorol^,  voL  ii. 
p.  100.)    See  also  Nobla»  Fro^eei,  Mojf.  80c.  vii.  5a8. 
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is  merely  one  of  degree.  Under  his  skilfiil  mauipulatioii]  nume- 
rous gases  have  been  reduced  to  the  liquid  state,  and  not  a  fev 
have  even  been  obtained  in  tbe  form  of  solids.  Some  few  of  the 
gases  have  still  resisted  the  best  devised  attempts  to  liquefy  them ; 
hut  it  can  hardly  be  doubted  that  all  gases  may  he  regarded  aa  the 
vapours  of  hquids  of  an  extremely  high  degree  of  volatility;  the 
hquids  resulting  from  the  condensation  of  gases  boiling  at  tempe- 
ratures far  below  the  ordinary  atmoepheric  range :  vapours,  on  the 
contrary,  may  be  considered  as  the  gases  of  hquida  of  compare 
tively  low  volatility. 

Some  of  the  gases  are  liquefiable  with  much  greater  facili^ 
than  others ;  for  instance,  a  mere  reduction  of  the  temperature  to 
o^  F.,  suffices  to  reduce  sulphurous  anhydride  at  the  ordinary 
atmospheric  preasure  to  the  liquid  form.  Many  gases,  if  gene- 
rated in  strong  tubes,  under  the  pressure  of  their  own  partidea, 
lose  their  elastic  form.  In  this  way  carbonic  acid,  cyanogen,  and 
several  others,  have  been  liquefied.  But  in  other  cases,  a  com- 
binatioa  of  the  pressure  obtained  by  means  of  a  condensing 
syringe,  with  the  application  of  an  intense  degree  of  cold,  has  been 
requisite.  A  convenient  form  of  apparatus  for  this  purpose  has 
been  devised  by  Andrews,  who  has  succeeded  in  reducing  the 
non-condensible  gases  in  fine  glass  tubes,  by  pressure  alone,  to 
less  than  ,-^  of  the  volume  which  they  occupy  under  the  ordi- 
nary conditions  of  the  atmosphere,  and  in  exposing  tii&a,  etiU 
nnder  this  pressure,  to  a  cold  of-fi«m  — 106"  to  —  150°. 

Carbonic  acid  is  manufactured  in  lai^e  quantities,  and  stored 
up   in  the  liquid 


form,  in  strong 
wrought-iron  ves- 
sels. The  appa- 
ratus used  for  this 
purpose  was  de- 
vised by  Thilorier. 
A  modification  of 
it  is  represented 
in  fig.  144.  It 
consists  of  two  ' 
very  strong  hol- 
low cylinders  of 
wrought  iron,  one 
of  which.  A,  is  em- 
ployed as  a  retort 
for  generating  the 
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gaB ;  the  other,  b,  as  a  receiver,  in  which  it  is  accumulated.  The 
generator,  a,  is  charged  with  a  mixture  of  2|lb.  of  acid  carbonate 
of  sodium  (Na  HCO3),  and  6  J  lb.  of  warm  water :  a  brass  tube,  c, 
containing  i^lb.  of  oil  of  vitriol,  is  cautiously  introduced,  and  the 
head  of  the  apparatus,  furnished  with  a  stop-cock  of  peculiar  con- 
struction, is  screwed  down  and  rendered  tight  by  a  leaden  washer. 
The  generator  is  then  reversed,  so  as  to  mix  the  materials,  which, 
by  their  reaction,  liberate  carbonic  acid ;  this  gas  accumulates  in 
the  upper  part  of  the  vessel,  where  it  is  liquefied  by  its  own  pressure ; 
a  strong  tube,  e,  is  screwed  on  laterally  to  both  vessels  a  and  b,  in 
order  to  connect  them  together.  The  receiver,  b,  is  kept  cool  by  being 
immersed  in  melting  ice.  As  soon  as  the  stop-cocks  are  opened, 
the  liquefied  gas  distils  over ;  the  stop-cocks  are  then  closed,  the 
vessels  a  and  e  are  separated,  and  a  fresh  charge  is  introduced  into 
the  generator.*  The  same  operations  are  then  repeated,  until  a 
sufficient  quantity  of  the  liquefied  gas  has  been  obtained.  Com- 
municating with  the  stop-cock  of  the  receiver,  is  a  tube,  b,  which 
passes  down  nearly  to  the  bottom  of  the  vessel,  and  terminates  in 
an  open  extremity,  so  that  as  soon  the  stop-cock  is  opened,  a  jet 
of  the  liquid  acid  is,  by  the  pressure  of  its  own  vapour,  forced  up 
the  vertical  tube,  A,  and  it  escapes  from  the  vessel  through  a  fine 
nozzle,  e,  which  is  screwed  to  the  stop-cock.  The  issuing  liquid 
immediately  begins  to  evaporate  with  great  rapidity ;  by  this  means 
so  large  a  quantity  of  latent  heat  is  carried  off  in  the  escaping  gas, 
that  a  portion  of  the  liquid  is  converted  into  the  solid  form.  If 
the  jet  of  liquid  be  made  to  play  into  a  cylindrical  box,  n,  furnished 
with  lateral  apertures  for  the  free  passage  of  the  gas,  the  solidified 
acid  may  be  collected  in  the  form  of  a  flocculent  deposit,  of  snowy 
whiteness,  which  gradually  evaporates  in  the  air,  without  under- 
going previous  liquefaction.  This  may  be  seen  by  placing  a  few 
flakes  of  the  acid  in  a  retort,  the  mouth  of  which  is  immersed  in 
water :  the  gas,  as  it  rises  in  bubbles,  can  thus  be  collected. 

If  means  be  taken  to  cut  off  the  supply  of  heat  from  external 
objects  by  placing  the  solidified  acid  in  a  glass  vessel,  covered  ex- 
ternally with  flannel,  enclosing  this  in  a  second  glass,  and  covering 
the  whole  with  a  card,  and  thus  making,  in  fact,  an  extempo- 
raneous ice-pail,  the  solidified  acid  may  be  kept  in  open  air  for 
some  hours.  As  will  readily  be  supposed,  the  temperature  of  this 
solid  is  extremely  low.     According  to  the  experiments  of  Faraday, 


*  By  attaching  a  condensing  syringe  to  the  generator,  Mr.  Addams  is 
enabled  lo  save  a  conaiderable  portion  of  the  condensed  gas  which  would 


otharwise  be  lost. 
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it  is  as  much  as  io6°  below  o°  F.  It  may,  notwithstanding,  be 
handled  with  impunity,  and  may  be  put  into  water,  without  causing 
the  water  to  freeze.  These  paradoxical  eflFects  are,  however,  easily 
explained.  The  cold  acid  never  really  touches  either  the  water 
or  the  hand,  because,  owing  to  the  rapidity  with  which  it  evaporates, 
it  is  constantly  surrounded  by  a  badly  conducting  atmosphere  of 
its  own  vapour :  but  if  it  be  really  brought  into  contact  with  any 
solid  or  liquid,  which  may  be  done  by  moistening  the  solid  acid 
with  ether,  which  has  a  strong  adhesion  to  carbonic  acid,  its  low 
temperature  is  at  once  manifested,  and  this  low  temperature  is 
maintained  by  its  continual  evaporation,  which  constantly  carries 
oflF  a  large  quantity  of  heat  in  the  latent  state.  By  placing  some 
mercury  in  a  basin,  pouring  on  it  a  small  quantity  of  ether,  and 
adding  a  little  solidified  carbonic  acid,  the  mercury  will,  in  a  few 
seconds,  be  converted  into  a  malleable  solid,  although  before  the 
metal  will  freeze  it  is  necessary  that  the  temperature  be  reduced 
as  low  as  —39°.  If  the  frozen  mercury  be  transferred  to  a  vessel 
containing  a  small  quantity  of  water,  the  metal  wiD  be  quickly 
thawed,  but  spicula  of  ice  will  be  formed,  showing  that  the  pro- 
cess of  liquefaction  in  the  case  of  mercury,  as  in  all  other  in- 
stances, is  attended  with  a  disappearance  of  heat. 

By  accelerating  the  evaporation  of  the  bath  of  carbonic  acid 
and  ether,  Faraday  was  enabled  to  command  a  still  greater  reduc- 
tion of  temperature,  and  in  the  vacuum  of  the  air-pump  he  ob- 
tained by  this  means  a  degree  of  cold  which  he  estimated  at 
—  166°.  In  such  a  cold  bath,  many  of  the  liquefied  gases  were 
fix)zen,  and  were  obtained  in  the  shape  of  solids,  clear  and  trans- 
parent as  ice.  Among  the  number  which  assumed  this  form  was 
carbonic  acid  itself.  (Phil.  Trans.,  1845,  p.  155.)  Even  without 
the  aid  of  pressure,  but  simply  by  employing  a  bath  of  carbonic 
acid  and   ether   in  the  air,  the    following  gases — viz.,  ehlorine, 

Fio.  145. 


cyanogen,  ammonia,  sulphuretted  hydrogen,  arseniuretted 
hydrogen,  hydriodic  acid,  hydrobromic  acid,  and  carbonic 
acid — were  obtained  in  the  liquid  form,  and  were  sealed 
up  in  tubes.  The  tubes  used  were  of  green  bottle-glass, 
bent  as  represented  in  fig.  145 ;  to  these  tubes  brass  caps 
and  stop-cocks  were,  when  necessary,  securely  attached, 
by  means  of  a  resinous  cement.  The  cold  bath  was  applied 
at  the  curvature.     When  pressure  was  requisite^  it  was 
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obtained  by  tbe  employment  of  two  condensing  syringes ;  the  first 
had  a  piston  of  an  inch  in  diameter,  the  second  one  of  only  half 
an  inch :  these  syringes  were  connected  by  a  pipe,  so  that  the  first 
syringe  forced  the  gas  through  the  valves  of  the  second ;  and  the 
second  sjrringe  was  then  used  to  compress  still  more  highly  the 
gas  which  had  already  been  condensed  by  the  action  of  the  first, 
with  a  power  varying  firom  ten  to  twenty  atmospheres.'^ 

Natterer  obtained  a  still  more  intense  degree  of  cold  than 
ihtft  produced  by  carbonic  acid  and  ether  in  vacuo,  by  mixing 
liquid  nitrous  oxide  with  bisulphide  of  carbon,  and  placing  the 
bath  in  vacuo ;  the  lowest  temperature  which  he  has  recorded  is 
«-  %7xP  F.  Fluoride  of  silicon,  at  this  point,  became  a  transparent 
solid,  but  liquid  chlorine  and  bisulphide  of  carbon  preserved  their 
fluidity.  {Liebifg  Ann.  liv.  254.) 

(197)  Pressure  exerted  by  Condensed  Gases. — ^In  order  to  esti- 
mate the  degree  of  pressure  which  the  condensed  gas  exerted  upon 
ihe  interior  of  the  vessd  in  which  it  was  contained,  and  to  deter- 
mine the  foit^  requisite  to  overcome  the  repulsive  energy  of  its 
own  particles,  Faraday  made  use  of  small  air-gauges,  which  he 

enclosed      in     the 

^^*-  '^^- tubes  employed  for 

the  condensation 
(fig.  146).  These 
gauges  consisted  of 
a  somewhat  conical 
•capQlary  tube  of 
glass,  which  was  divided  into  parts  of  equal  capacity,  by  intro- 
ducing into  the  tube  a  globule  of  mercury  shown  at  a,  and 
causing  it  to  occupy  each  part  of  the  tube  in  succession :  the 
length  of  the  little  cylinder  into  which  the  mercury  was  reduced 
in  each  portion  of  the  tube  was  marked  upon  the  glass  with 
black  varnish.  The  mercury  was  then  transferred  towards  the 
widest  extremity,  and  the  tube  was  sealed  at  its  narrow  end.  A 
known  volume  of  air  was  thus  included,  and,  by  the  compression 
which  this  air  experienced  in  the  course  of  the  experiment,  (the 
bulk  being  inversely  as  the  pressure)  the  elastic  fi)rce  of  the  gas 
under  examination  was  easily  calculated.      It  is  remarkable  that 


*  The  temperatiiret  reoorded  in  theM  ezperiments  are  ia  all  probability 
somewhat  too  nigh.  They  were  eetimated  by  means  of  a  spirit  thermometer, 
subdivided  into  decrees  below  32^  F., '  equal  in  capacity  to  those  between 
33^  and  aia^;'  bat  &e  contraction  of  alcohol  is  more  lapidfat  low  than  at  high 
tempevatures :  at  the  lowest  temperatures  attained,  the  aloohd  became  some- 
what viscid. 
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many  of  these  condensed  liquids  expand  upon  the  application  of 
heat  more  rapidly  than  the  gases  themselves.  It  has  been  also 
found  that  Marriotte's  law  (27),  according  to  which  the  elasticity 
of  a  gas  increases  directly  as  the  pressure^  although  correct  for 
pressures  at  considerable  distances  above  the  point  of  condensation^ 
does  not  hold  good  as  this  term  is  approached  ;  probably^  as  sug- 
gested by  Berzelius^  because  the  distance  to  which  the  particles 
are  separated  is  not  sufficient  entirely  to  overcome  the  cohesive 
force,  which  increases  in  power  the  more  nearly  the  point  of  con- 
densation is  reached  (see  notes,  pages  42  and  217).* 

Although  indications  of  this  departure  from  Marriotte's  law 
have  been  observed  at  common  temperatures,  with  some  of  the  more 
condensible  gases,  such  as  sulphurous  anhydride,  sulphuretted 
hydrogen,  cyanogen,  and  ammonia,  it  was  most  distinctly  exhibited 
in  the  experiments  of  Cagniard  de  Latour  {Ann.  de  Chimie,  II. 
xxi.  and  xxii.).  De  Latour  partially  filled  some  strong  glass 
tubes  with  water,  with  alcohol,  with  ether,  and  with  some  other 
liquids,  furnished  them  with  gauges,  and  sealed  them  hermeti- 
cally. He  then  cautiously  raised  the  temperature.  The  alcohol 
(sp.  gr.  0*844),  which  occupied  f  the  capacity  of  the  tube,  gradually 
expanded  to  double  its  volume,  and  then  suddenly  disappeared  in 
vajpour,  at  a  temperature  of  497°' 7  P. ;  it  then  exerted  a  pressure 
of  about  119  atmospheres.  Ether  became  gaseous  at  392^,  in  a 
space  equal  to  double  its  original  bulk,  exerting  a  pressure  of  37*5 
atmospheres ;  whereas,  if  Marriotte's  law  held  good  in  these  cases^ 
calculating  from  the  volume  of  vapour  which  a  certain  bulk  of  each 
liquid  yields  under  the  atmospheric  pressure,  ether  should  have 
exerted  a  force  equal  to  about  157  atmospheres,  and  alcohol  of  at 
least  318.  Water  was  found  to  become  gaseous  in  a  space  equal 
to  about  four  times  its  original  bulk,  at  a  temperature  of  about 
773°  (that  of  melting  zinc).  So  great  was  the  solvent  power  of 
water  on  glass,  at  this  high  temperature,  that  the  addition  of  a 
little  carbonate  of  sodium  was  necessary  to  diminish  the  action  on 
the  glass,  which  frequently  gave  way  until  this  expedient  was 
adopted.  As  the  vapours  cooled,  a  point  was  observed  at  which  a 
sort  of  cloud  filled  the  tube,  and,  in  few  moments  after,  the  liquid 
suddenly  reappeared. 

It  will  be  seen  from  the  tabjoined  table,  that  even  after  the 
liquid  has  whoUy  disi^peared,  the  increase  in  the  elastic  force  of 
the  vapour,  as  the  temperature  rises,  is  as  rt^id  as  before  it  had  all 


*  The  experiments  of  Fairbaim  and  Tate  on  the  elasticitv  of  snperheated 
steam  {Phil.  Trans.,  i860)  show  that  this  diminution  of  elasticity  near  the 
point  of  condensation  is  very  aj^redable  in  the  case  of  aqueoas  Tapourt 
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Tolatilized,  and  indeed  it  continues  to  increase  in  a  proportion  far 
greater  than  that  which  would  be  produced  in  air  bj  an  equal  ele- 
vation of  temperature.  Atmospheric  air,  under  a  pressure  of  37*5 
atmospheres  at  370^  F.,  would,  at  482^,  exert  a  force  of  42*4  and  at 
617^  of  48*6  atmospheres,  whereas  the  corresponding  pressures  with 
ether  were  86*3  and  130*9  atmospheres.  In  the  case  of  the  two 
experiments  with  ether,  the  increase  in  elasticity  is  greatest  at  first 
in  the  tube  which  contains  the  smallest  proportion  of  liquid ;  pro- 
bably because  the  influence  of  cohesive  attraction  is  more  com- 
pletely overcome  in  the  tube  which  admits  of  the  greatest  distance 
between  the  particles  of  the  vapour,  though  at  higher  tempera- 
tures the  elasticity  increases  less  rapidly  in  this  tube  than  in 
the  other : — 

Cagniard  de  Latour's  Experiments. 
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Space  must  always  be  allowed  for  the  full  expansion  of  the 
liquid,  otherwise  the  strongest  vessels  will  give  way. 

Andrews  has  recently  observed,  that  on  partially  liquefying 
carbonic  acid  by  pressure  alone,  in  his  apparatus,  and  gradually 
raising  at  the  9ame  time  the  temperature  to  88^^  the  surface  of 


*  At  this  point  the  liquid  had  entirely  disappeared  as  vapour. 
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demarcation  between  the  liquid  and  gas  became  fainter,  lost  its 
curvature,  and  at  last  disappeared.  The  space  was  then  occupied 
by  a  homogeneous  fluid,  which  exhibited,  when  the  pressure  was 
suddenly  diminished  or  the  temperatiire  slightly  lowered,  a  peculiar 
appearance  of  moving  or  flickering  striae  throughout  its  entire 
mass.  At  temperatures  above  88°,  no  apparent  liquefaction  of 
carbonic  acid  or  separation  into  two  distinct  forms  of  matter  could 
be  efifected,  even  when  a  pressure  of  300  or  400  atmospheres  was 
applied.     Nitrous  oxide  gave  analogous  results.* 

From  the  foregoing  experiments,  it  is  obvious  that  there  exists 
for  every  liquid  a  temperature  at  which  no  amount  of  pressure  is 
sufficient  to  retain  it  in  the  liquid  form.  It  is  not  surprising, 
therefore,  that  mere  pressure,  however  intense,  should  fail  to 
liquefy  many  of  the  bodies  which  usually  exist  in  the  form  of 
gases. 

The  following  table  embodies  the  results  obtained  by  Faraday 
on  the  condensation  and  solidification  of  the  gases.  The  solids 
were  usually  heavier  than  the  liquid  portions  from  which  they 
separated : — 

Condensation  and  Solidification  of  Gases. 
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The  diagram  which  follows  (fig.  147)  shows  the  curves  indi- 
cating the  increase  of  pressure  with  the  temperature^  from  Fara- 
day^s  tables.  In  this  diagram,  the  vertical  lines  represent  the  de- 
grees of  temperature  on  Fahrenheit's  scale ;  the  horizontal  lines 
show  the  pressure  in  atmospheres  exerted  by  the  condensed  gas. 


•  Information  by  letter  from  Dr,  Andrews. 
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cuwvma  or  ruusuai  oi  condenbsd  qabxa. 


The  nombera  attached  to  each  curre  correspond  to  the  gaaes  in 
tiie  undermentioned  order : — 
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Paraday  remarks,  that  as  far  as  liia  obserratioos  go, '  it  irould 
appear  that  the  more  vohttile  a  body  is,  the  more  rapidly  doea  the 
force  of  ita  t^kut  incroaBe  by  further  addition  of  heat,  eomraenc- 
ing  at  a  given  point  of  prewnre ;  for  all  these,  fbr  an  increaae  <A 
prenure  fivm  two  to  six  abno^theres,  the  following  number  of 
degrees  require  to  be  added  for  the  different  bodiea  named : — 
Water,  69°  F, ;  sulphurous  acid,  63° ;  cyanogen,  64°'5 ;  ammonia. 
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60^ ;  arseniuretted  hydrogen,  54® ;  sulphuretted  hydrogen,  56^*5 ; 
muriatic  acid,  43° ;  carbonic  acid,  32°*5 ;  nitrous  oxide,  30°/ 

The  pressures  indicated  by  the  curves  in  fig.  147,  after  all,  are 
probably  only  approximations.  The  experiments  of  Cagniard  de 
Latour  show  that  under  these  enormous  pressures,  the  bulk  which 
the  liquid  bears  to  the  space  in  which  it  is  confined  has  a  material 
influence  upon  the  pressure  which  its  vapour  exerts  when  the  re- 
sults of  diflerent  experiments  with  the  same  liquid  are  compared 
at  the  same  temperatures,  and  before  the  liquid  has  wholly 
assumed  the  state  of  vapour ;  this  will  be  seen  by  comparing  the 
two  columns  showing  the  elasticity  of  ether  at  temperatures  below 
369^  in  two  different  experiments  (page  328).  It  is  not  unlikely 
that  the  extraordinary  discrepancies  in  the  estimates  of  the  elas- 
ticity of  liquefied  carbonic  acid  given  by  Faraday,  Thilorier,  and 
Addams,  are  due  to  this  cause.  Similar  differences,  to  a  less  ex^ 
tent,  have  been  observed  in  the  case  of  sulphurous  anhydride,  and 
cyanogen,  and  some  other  gases. 

Faraday  states,  as  the  results  of  his  experiments,  that  am- 
monia and  sulphuretted  hydrogen,  when  solidified,  each  furnished 
a  white  translucent  mass,  like  fused  nitrate  of  ammonia  :  euchlo- 
rine  gave  a  transparent  orange-coloured  crystalline  solid.  The 
other  liquefied  gases  which  were  susceptible  of  solidification  fiir- 
nished  colourless  transparent  crystalline  masses  like  ice.  Phos- 
phurettcd  hydrogen,  nitrous  oxide,  and  olefiant  gas,  appeared  each 
to  consist  t)f  a  mixture  of  two  gases,  one  Considerably  more  con- 
densible  than  the  other. 

Six  gases-viz.,  oxygen,  hydrogen,  nitrogen,  nitric  oxide,  car- 
bonic oxide,  and  marsh  gas — have  resisted  all  attempts  to  liquefy 
them.  Faraday  found  that  oxygen  remained  gaseous  under  a 
pressure  of  2y  atmospheres,  at  a  temperature  of  — 166°;  and  a 
pressure  of  58*5  atmospheres  at  — 140^  was  equally  ineffectual  in 
producing  its  liquefaction.  Nitrogen  and  nitric  oxide  resisted  a 
pressure  of  50  atmospheres ;  with  carbonic  oxide,  a  pressure  equi- 
valent to  that  of  40  atmospheres,  with  coal  gas,  one  of  32, — and 
with  hydrogen,  one  of  27  atmospheres,  was  apjdied  without  effect- 
ing the  liquefaction :  in  all  these  experiments  the  temperature  was 
maintained  at  — 166®.  Andrews  has  succeeded  in  applying  to 
these  gases  still  stronger  pressures  than  any  recorded  by  Faraday, 
without  producing  liquefaction,  although  a  bath  of  ether  and 
carbonic  acid  was  employed;  air  was  reduced  to  -gyj-  of  its 
bulk,  oxygen  to  xH-,  hydrogen  to  -rJir*  carbonic  oxide  to  xfr*  *^d 
nitric  oxide  to  -^  of  its  original  volume.     Hydrogen  and  car- 
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bonic  oxide  departed  less  firom  Marriotte's  law  than  oxygen  and 
nitric  oxide. 

(198)  Spheroidal  State  produced  by  Heat, — Much  attention  has 
of  late  years  been  excited  by  a  phenomenon  first  described  by 
Leidenfrost,  and  which  has  been  made  the  subject  of  careful  in- 
vestigation by  Boutigny.  The  following  experiments  will  illus- 
trate its  character.  If  a  good  conductor,  such  as  a  sheet  of 
metal,  be  heated  to  between  300°  and  400°,  and  water  be  allowed 
to  fall  upon  its  surface,  the  liquid  does  not  enter  into  ebullition ; 

but  instead  of  wetting  the  surface  as  usual, 
it  rolls  about  in  spheroidal  masses  in  the 
manner  shown  at  fig.  148  ;  the  temperature 
of  such  a  spheroid  never  rises  to  the  boiling- 
point  of  the  liquid.  If  the  source  of  heat 
be  removed,  the  temperature  will  fall,  until 
a  point  is  at  length  reached  when  the  liquid 
suddenly  begins  to  boil  vehemently,  and  is 
dispersed  in  all  directions  with  a  loud  hissing  noise. 

This  phenomenon  is  a  complicated  result  of  at  least  four  dis- 
tinct causes.  Of  these  the  most  influential  is  the  repulsive  force 
which  heat  exerts  between  objects  which  are  closely  approximated 
to  each  other.  A  low  manifestation  of  this  action  has  been 
already  noticed  when  speaking  of  the  efffect  of  a  rise  of  tempera- 
ture in  producing  a  decrease  of  capillary  attraction  (51).  When 
the  temperature  reaches  a  certain  point,  actual  repulsion  between 
the  particles  ensues.  Besides  this  repulsive  action  occasioned  by 
heat,  the  other  causes  which  may  be  mentioned  as  tending  to  pro- 
duce the  assumption  of  the  spheroidal  condition  by  the  liquid,  are 
these : — 1.  The  temperature  of  the  plate  is  so  high  that  it  imme- 
diately converts  any  liquid  that  touches  it  into  vapour,  upon  which 
the  spheroid  rests  as  on  a  cushion.  2.  This  vapour  is  a  bad  con- 
ductor of  heat,  and  prevents  the  rapid  conduction  of  heat  &om 
the  metal  to  the  globule.  3.  The  evaporation  from  the  entire 
surface  of  the  liquid  carries  off  the  heat  as  it  arrives,  and  assists 
in  keeping  the  temperature  below  the  point  of  ebullition.  The 
drop  assumes  the  spheroidal  form  as  a  necessary  consequence  of 
the  action  of  cohesion  among  the  particles  of  the  liquid,  and  the 
simultaneous  action  of  gravity  on  the  mass. 

Boutigny  finds  that  even  if  the  liquid  be  boiling,  its  tempera- 
ture sinks  from  5°  to  7°  below  the  boiling-point  at  the  moment 
that  it  falls  on  the  heated  surface^  and  takes  the  spheroidal  form. 
All  liquids  are  capable  of  assuming  this  condition ;  but  the 
temperature  to  which  it  is  necessary  to  heat  the  conducting  sur- 


SPHEROIDAL   STATE    PRODUCED   BY   HEAT.  333 

face  varies  witli  each  liquid ;  the  lower  the  boiling-point  of  the 
liquid,  the  lower  also  is  the  required  temperature.  The  exact 
degree  is  dependent  partly  upon  the  conducting  power  of  the  plate, 
and  partly  upon  the  latent  heat  of  the  vapour ;  the  temperature  of 
the  plate  approaches  the  boiling-point  of  the  liquid  more  closely  as 
the  latent  heat  is  less.  In  the  case  of  the  undermentioned  liquids 
the  lowest  temperature  required  in  the  plate  was  found  to  be  for 
water,  340°;  for  alcohol,  273°;  for  ether,  142°. 

Boutigny  considered  the  temperature  of  each  liquid,  when  in 
the  spheroidal  state,  to  be  as  definite  as  that  of  its  boiling-point ; 
and  he  gives  205°' 7  as  the  temperature  of  the  spheroid  of  water; 
i67°-9  for  that  of  alcohol;  93°'6  for  that  of  ether;  and  i3°-i  for 
that  of  sulphurous  anhydride.  Boutan  has,  however,  shown  that 
these  temperatures  are  liable  to  slight  variations. 

Even  in  vacuo  the  spheroidal  state  is  observed  to  occur  when 
the  liquid  is  allowed  to  fall  upon  a  plate  suflSciently  heated.  Solids 
in  liquefying  in  hot  capsides  pass  into  this  same  state,  as  is  well 
exemplified  by  throwing  a  few  crystals  of  iodine  upon  the  heated 
surface.  Provided  that  the  hot  surface  be  a  sufficiently  good  con- 
ductor of  heat,  the  nature  of  the  material  is  unimportant.  Silver, 
platinum,  copper,  and  iron  may  all  be  successfully  used.  Tomlin- 
son  has  shown  that  even  one  liquid  may  be  thrown  into  the  sphe- 
roidal form  on  the  surface  of  another,  as  water,  alcohol,  or  ether, 
on  the  surface  of  hot  oil ;  but  this  experiment  requires  care,  other- 
wise the  water  sinks  in  the  oil,  evaporation  from  the  surface  of 
the  drop  is  prevented,  steam  is  generated  with  explosive  violence, 
and  the  hot  oil  is  scattered  about  in  all  directions. 

If  the  hot  metal  be  sufficiently  massive,  a  large  body  of  water 
may  be  converted  into  the  spheroidal  state.  Boutigny  has  sug- 
gested that  in  certain  cases  the  explosion  of  steam-boilers  may 
have  been  due  to  this  cause.  It  is  indeed  quite  possible,  although 
such  an  occurrence  must  be  rare,  that  the  water  may  be  all  ex- 
pended in  a  boiler  beneath  which  a  brisk  fire  is  maintained,  so 
that  the  mass  of  metal  may  become  intensely  heated.  On  the 
admission  of  cold  water  under  such  circumstances,  it  would  at  first 
assume  the  spheroidal  state,  and  as  the  boiler  gradually  cooled 
down,  by  the  introduction  of  more  water,  a  sudden  and  uncon- 
trollable burst  of  vapour  would  ensue.  The  safety-valve  in  such  a 
case  would  be  inadequate  to  allow  the  needful  escape  for  the  im- 
mense volume  of  steam  which  would  be  instantaneously  generated, 
and  an  explosion  would  probably  occur. 

By  tracing  the  effects  above  detailed  to  their  extreme  conse- 
quences, some  singular  and  paradoxical  effects  have  been  produced. 
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For  example^  liquid  sulphurous  anhydride  becomes  spheroidal  in  a 
red-hot  capsule  at  a  temperature  of  about  14°,  that  is,  18°  below 
the  freezing-point  of  water.  If  a  little  water  be  dropped  into  this 
spheroid,  the  temperature  of  the  water  is  instantly  reduced  below 
its  freezing-point^  and  a  mass  of  ice  is  formed  within  the  glowing 
crucible.  If  a  bath  of  solid  carbonic  acid  and  ether  be  substi- 
tuted for  the  sulphurous  anhydride  in  the  red-hot  capsule,  mercury 
placed  within  it  in  the  bowl  of  a  small  spoon  may  be  frozen  with 
equal  certainty.  But  perhaps  the  most  marvellous  resiilt  is  the 
impunity  with  which  the  moiBtened  hand  may  he  plunged  for  an 
instant  into  molten  lead,  or  even  into  cast  iron  as  it  issues  from 
the  furnace.  In  these  cases  the  adhering  moisture  is  converted 
into  vapour,  which  forms  an  envelope  to  the  skin,  sufficiently 
non-conducting  to  prevent  the  passage  of  any  injurious  quantity  of 
heat  during  the  brief  immersion.  An  ingenious  application  of 
this  principle  has  long  been  employed  in  the  glass-house.  In  first 
rudely  shaping  the  large  masses  of  glass  which  are  to  be  blown 
into  shades,  and  into  cylinders  which  are  afterwards  flattened  into 
the  heavy  sheets  technically  termed  British  plate,  open  hemisphe- 
rical wooden  moulds  are  used  to  give  the  globular  form ;  in  order 
to  prevent  the  wood  from  being  burned,  the  workman  pours  a 
little  water  into  the  mould ;  it  protects  the  wood,  but  assumes  the 
spheroidal  form,  and  neither  touches  nor  injuriously  cools  the 
molten  glass. 

§  IV.  Atomic  Relations  of  Heat  of  Combination.* 

(199)  TTie  quantity  of  Heat  developed  by  Chemical  Action  is 
definite. — ^The  last  subject  to  which  we  shall  here  advert  in  con- 
nexion with  heat,  is  to  the  chemist  perhaps  the  most  directly  in- 
teresting of  any,  on  account  of  its  direct  quantitative  relations  to 
chemical  action.  Experiment  has  proved  that  the  amount  of  heat 
which  each  element  emits  when  entering  into  combination  is  de- 
finite, and  has  a  specific  relation  to  the  combining  number  of  each 
substance.  When  the  same  substance  is  burned  with  a  due  supply 
of  oxygen,  and  with  suitable  precautions,  a  given  weight  of  it 
always  emits  the  same  amount  of  heat.  Thus  i  lb.  of  hydrogen, 
when  burned  in  oxygen,  always  emits  heat  enough  to  melt  315*2  lb. 
of  ice ;  31  lb.  of  phosphorus,  when  burnt  to  phosphoric  acid,  yields 
heat  sufficient  to  melt  1576  lb.  of  ice ;  and  12  lb.  of  carbon,  when 


*  It  will  be  convenient  to  consider  this  subject  at  this  point,  although  in 
former  editions  of  this  work  it  has  been  deferred  to  the  end  of  the  third 
volume. 


HEAT  EMITTED   DXmiNG   COMBINATION  DEFINITE.  335 

converted  into  carbonic  acid^  emits  heat  sufficient  to  melt  700  lb. 
of  ice.  It  would  at  first  sight  appear  easy  to  determine  by  direct 
experiment  the  amount  of  heat  which  each  body  emits  in  the  act 
of  combining  with  an  equivalent  of  oxygen^  and  to  compare  the 
results  thus  obtained,  with  a  corresponding  series  of  experiments 
made  by  combining  the  same  elements  with  chlorine^  with  bromine, 
and  other  elements.  In  reality,  however,  it  is  not  so ;  for,  inde- 
pendently of  the  difficulties  which  the  exact  admeasurement  of 
heat  always  involves,  there  are  others  which  will  be  rendered 
evident  by  considerations  such  as  the  following. 

Scarcely  any  molecular  change  can  take  place  without  either 
evolution  or  absorption  of  heat.  When  a  gas  or  a  vapour  becomes 
liquefied  or  solidified,  the  change  of  state  is  always  attended  by 
the  evolution  of  the  heat  which  it  previously  contained  in  a  latent 
state  (177),  and  the  eflfect  is  reversed  when  a  solid  passes  into  the 
liquid  or  the  aeriform  condition,  heat  being  then  absorbed  (i  74, 1 78). 
Now,  the  instances  in  which  chemical  combination  takes  place 
without  any  alteration  in  the  physical  condition  of  bodies  are  rare, 
and  the  cases  in  which  the  product  occupies  exactly  the  same 
bulk  as  the  bodies  firom  which  it  was  formed,  are  still  more  so. 
When  two  gaseous  elements,  like  chlorine  and  hydrogen,  unite  and 
form  a  compound  which  is  not  only  gaseous,  but  which  occupies 
the  same  bulk  as  the  bodies  did  before  their  combination,  the 
problem  is  presented  in  the  simplest  form :  the  heat  observed  in 
such  a  case  is  due  solely  to  the  chemical  action ;  but  when  the 
products,  though  gaseous,  occupy  a  smaller  bulk  after  they  have 
entered  into  combination, — as  when  2  volumes  of  carbonic  oxide 
unite  with  i  volume  of  oxygen,  and  form  but  2  volumes  of 
carbonic  acid, — ^the  heat  emitted  during  the  act  of  combination  is 
due  partly  to  chemical  action,  and  partly  also  to  the  condensation 
which  the  gases  have  experienced.  When  the  product  assumes 
the  Uquid  form,  as  occurs  in  the  formation  of  water  during  the 
combustion  of  hydrogen  in  oxygen,  the  quantity  of  heat  emitted 
owing  to  this  change  in  form  is  still  more  considerable.  When,  on 
the  other  hand,  a  solid  passes  into  the  aeriform  state,  as  when 
carbon  is  converted  into  carbonic  acid,  the  heat  actually  observed 
is  less  than  that  which  the  combination  ought  really  to  produce : 
and  the  effect  is  reversed  when  the  solid  form  is  assumed  by  the 
product,  as  when  phosphorus  becomes  oxidized  to  phosphoric  an- 
hydride ;  in  which  case  the  heat  evolved  exceeds  that  really  due  to 
the  act  of  combination.  But  even  when  no  change  of  state  is 
observed,  minor  disturbing  causes  are  at  work.  Supposing  it  were 
possible  to  obtain  a  direct  combination  of  iodine  with  a  metal. 
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snch  as  m>n  or  zinc ;  eren  then,  thoogh  tiro  solids  nnited  to  form 
a  third  solid,  it  would  not  necesBarflv  happen  that  the  whole  of  the 
heat  emitted  was  dne  to  the  chemical  action.  J£  the  iodide  of 
zinc,  for  example,  contracted  in  the  act  of  combination,  a  small 
portion  of  the  heat  obserred  would  be  due  to  that  CTolved  by  the 
sdid  in  consequence  of  its  change  of  bulk ;  whereas,  if  the  iodide 
occupied  a  larger  space  after  combination  than  that  of  the  two 
elements  separatelT,  the  heat  observed  would  be  less  than  that 
resulting  from  the  chemical  action :  and  even  if  no  change  of  bulk 
occurred,  it  might  happen  that  the  compound  had  a  specific  heat 
different  from  that  of  the  original  elements,  and  in  such  case  a 
slight  elevation  or  depression  of  temperature  might  be  occasioned, 
which  was  not  really  the  chemical  result  of  the  act  of  combinatioru 
From  the  forgoing  statement  it  is  therefore  clear  that  the 
experimental  numbers,  however  carefully  the  observations  are 
made,  can  very  rarely  yield  the  actual  quantities  of  heat  due  to 
chemical  actions :  they  are  compound  results  from  which  the  true 
calorific  equivalents  of  the  different  elements  (or  heat  evolved  by 
the  combination  of  chemical  equivalents  of  the  different  elements), 
must  be  deduced  by  other  means. 

(200)  Early  Experiments, — Tlio  importance  of  determining 
accurately  the  amount  of  heat  arising  from  chemical  action,  was 
first  distinctly  announced  by  LavoiMicT,  who  instituted  a  series  of 
experiments  with  the  view  of  finding  the  (juantity  of  heat  evolved 
during  the  combustion  of  various  iiu1)Htai»(?e8  :  his  method  consisted 
in  ascertaining  the  quantity  of  ice  whicrh  was  melted,  when  given 
weights  of  these  bodies  were  burned  in  Iuh  calorimeter.  The  first 
experiments  with  any  claim  to  accnruc^y,  however,  are  those  of 
Dulong,  which  have  formed  the  fonnclution  for  all  subsequent 
researches  upon  the  subject.  Imix)rtant  iidditional  investigations 
have  since  been  made,  particularly  by  DcMprtJtz,  and  more  recently 
by  Andrews,  and  by  Favre  and  Silbcnimnn. 

(201)  Researches  of  Andrews, — The  apparatus  employed  by 
Andrews  in  these  experiments  (Phil,  Mag,,  May,  1848),  was  of  a 
simple  kind.  When  the  substances  to  be  combined  were  in  the 
gaseous  state,  and  the  products  of  combustion  were  also  gaseous, 
the  two  gases  were  mixed  in  the  proper  proportions,  as  in  the  per- 
formance of  a  eudiometric  experiment,  and  introduced  into  a  vessel 
of  thin  sheet  copper  (a,  Fig.  149),  of  a  capacity  of  about  24  cubic 
inches.  It  was  closed  by  a  screw,  the  head  of  which  was  per- 
forated to  admit  a  cork,  through  which  a  silver  wire,  4,  passed ; 
this  wire  was  connected  by  a  thin  platinum  wire  within  the  vessel 
to  a  second  silver  wire  soldered  to  the  screw  itself.     The  platinum 
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wire  could  be  ignited  by  connecting 
it  for  an  instant  with  a  small  voltaic 
battery,  and  thus  the  gaseous  mix- 
ture could  be  detonated  at  the  plea- 
sure of  the  operator.  The  copper 
vessel  containing  the  mixed  gases 
was  then  introduced  into  a  larger 
vessel,  c,  which  was  filled  up  with 
water :  the  vessel,  c,  was  suspended 
in  a  cylinder,  d,  provided  with  a 
moveable  cover,  and  the  whole  was  « 
enclosed  in  an  outer  cylindrical  ves- 
sel, e,  arranged  so  as  to  admit  of 
its  being  made  to  rotate  upon  its 
shorter  axis. 

The     apparatus     having     been 
mounted,  was  caused   to  rotate,  in 

order  to  bring  every  part  to  a  uniform  temperature ;  after  which 
the  exact  amount  of  this  initial  temperature  was  read  olf  by  a 
very  sensitive  thermometer,  capable  of  indicating  differences  of 
temperature  of  j-Jr  of  a  degree  Centigrade.  The  thermometer 
was  then  withdrawn,  and  the  gases  exploded  by  igniting  the  Sue 
platinum  wire ;  the  outer  vessel  of  water  was  closed  by  a  cork, 
and  the  apparatus  was  caused  to  rotate  for  thirty-five  seconds,  in 
order  to  establish  an  equilibrium  of  temperature  in  all  its  parts. 
The  thermometer  was  again  introduced,  and  the  rise  of  tempe- 
rature was  ascertained.  After  this  observation  the  apparatus  was 
again  made  to  rotate  for  thirty-five  seconds,  and  the  loss  of  heat 
thus  occasioned  was  ascertained.  This  third  rotation  was  neces- 
sary  in  order  to  determine  the  cooling  edect  of  the  atmosphere 
upon  the  apparatus,  during  the  time  that  the  experiment  lasted : 
in  these  cases  it  seldom  amounted  to  more  than  ^-^  of  the  total 
quantity  of  heat  set  free. 

When  solid  bodies  were  burned  in  oxygen,  the  form  of  the 
apparatus  was  modified ;  the  combustion  was  effected  in  a  copper 
vessel  (a.  Fig.  150),  of  about  250  cubic  inches  in  capacity,  which 
was  filled  with  oxygen  ;  and  a  known  weight  of  the  combustible 
was  supported  in  a  small  platinum  dish,  b ;  when  all  was  ready, 
the  vessel  a  having  been  accurately  closed,  the  combustible  wag 
ignited  by  means  of  a  voltaic  current  sent  through  a  very  fine 
platinum  wire  in  connexion  with  the  insulated  wire  /.  Previously 
to  this  ignition,  the  Teasel  a  was  immersed  in  a  large  cylinder,  t. 
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filled  with  a  known  quantity  of  water,  and  the  whole  was  sur- 
rounded by  an  outer  vessel  of  tin-plate,  d,  to  prevent  the  effects  of 
radiation.  The  copper  vessel  could  be  agitated  within  the  vessel 
of  water  by  means  of  the  lever,  e.  Particular  expedients  were 
required  in  certain  cases  to  ensure  the  ignition ;  thus,  in  burning 
Fio,  150. 


zinc  filings  and  other  metals  in  oxygen,  a  minute  portion  of 
phosphorus  was  employed  to  kindle  the  metal ;  the  weight  of  this 
piece  of  phosphorus  being  known,  the  heat  which  it  emitted  was 
calculated,  and  deducted  from  that  observed.  In  some  cases 
these  experiments  lasted  fifteen  or  sixteen  minutes,  so  that  the 
correction  for  the  cooling  effect  of  the  external  air  acquired  consi- 
derable importance. 

When  chlorine  was  used  instead  of  oxygen,  it  was  not  neces- 
sary to  ignite  the  substance  under  trial ;  but  in  order  to  prevent 
the  spontaneous  ignition  of  the  body,  the  latter  was  enclosed  in  a 
thin  glass  bulb,  which  was  broken  by  agitation  of  the  apparatus  at 
the  moment  that  everything  was  prepared.  The  chlorine  itself  was 
in  most  instances  contained  in  a  glass  vessel,  which  was  filled  with 
the  gas  by  displacement ;  an  excess  of  the  body  for  combination 
with  the  chlorine  was  always  employed,  so  as  to  ensure  the  total 


Fio.  151. 


EXPEHIMENTS    OP   FAVBE    AND    SILBEKHAKN.  339 

absorption  of  the  chlorine.     The  time  allowed  for  abBorption  was 
in  each  case  six  miuutcs  and  a  half. 

(202)  Experimenlt  of  Favre  and  Silbermann. — A  very  ex- 
tensive series  of  researches  upon  the  development  of  heat  during 
molecular  and  chemical  changes  was  undertaken  by  Favre  and 
Silbermann  {Ann.  de  CMmie,  III.  xsxiv.,  xxxvi.,  and  zxsvii.), 
These  experiments  were  conducted  in  many  eases  upon  a  larger 
scale  than  those  of  Andrews,  and  with  a  much  more  elaborate 
iinparatus.  It  is  satisfactory  to  find,  however,  that  their  experi- 
mental results  generally  agree  pretty  closely  with  those  of  Andrews, 
although  they  differ  from  him  in  some  of  their  deductions.  The 
(«scntial  part  of  Favre  and  Silbermann's  apparatus  was  a  vessel  of 
brass  gilt,  a,  Fig.  151,  in  which  the  com- 
biistioiis  were  performed ;  this  vessel  was 
immersed  in  a  calorimeter,  b,  of  silvered 
copper,  which  contained  about  3^^  pints 
of  water.  The  calorimeter  was  supported 
in  an  outer  vessel,  c,  lined  with  swan's 
down,  and  this  case  was  itself  surrounded 
by  an  outer  double  envelope,  d,  filled 
with  water.  It  was  found  that  by  these 
means  the  loss  of  heat  from  the  iufluenee 
of  the  external  atmosphere  was  re- 
duced to  a  very  small  and  measurable 
amount.  When  the  combustions  were 
performed  in  oxygen,  this  gas,  previously 
dried,  was  allowed  to  flow  into  the  com- 
bustion-chamber by  the  tube,  e,  and  the 
gases  produced,  together  with  the  super- 

rinous  oxygen,  were  forced,  before  their  exit  from  the  apparatus,  to 
traverse  a  spiral  tube  of  thin  copper,  /,  so  that  they  might  be 
completely  cooled  down  to  the  temperature  of  the  water  in  the 
calorimeter,  i .-  ^  ^  is  an  agitator  for  ensuring  uniformity  of  tem- 
perature in  the  water  of  the  calorimeter. 

Solid  bodies  were  kindled  by  the  introduction  of  small  pieces 
of  burning  charcoal ;  liquids  were  burned  in  small  lamps  with 
asbestos  wieks,  and  gases  were  introduced  by  a  jet  previously  set 
ou  fire.  The  apparatus  in  the  figure  shows  the  arrangement  for 
burning  carbon;  the  scale  of  the  thermometers  employed  allowed 
a  variation  of  ris  of  J°  C.  to  be  estimated.  In  most  eases  the 
weight  of  the  substance  burned  was  ascertained  by  collecting  and 
weighing  the  products  of  combustion. 
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direct  results  obtained  by  the  rapid  combustion,  in  oxygen,  of  the 
various  substances  enumerated  in  the  first  column.  The  heat 
unit  adopted  is  the  one  proposed  by  Dulong,  viz.,  the  quantity  of 
heat  required  to  raise  one  gramme  of  water  i°  C,  or  rather  from 
0°  C.  to  1°  C.  The  second  column  indicates  the  units  of  heat 
evolved  during  the  act  of  combustion ;  or  the  weight  in  grammes 
of  water  which  would  be  raised  from  o^  C  to  i°  by  the  com- 
bustion of  i  gramme  of  each  substance.  The  third  column  in- 
dicates the  weight  of  water  heated  to  the  same  amount  by  the 
combination  of  i  gramme  of  oxygen  with  each  body,  and  the 
fourth  column  (the  calorific  equivalent)  is  obtained  by  multiplying 
tlic  numbers  in  the  third  column  by  8  (the  equivalent  number  of 
oxygen). 

The  following  tables  contain  the  results  of  a  similar  series  of 

Quantities  of  Heat  disengaged  by  the  Action  of  Chlorine. 
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Quantities  of  Heat  disengaged  by  the  Action  of  Bromine  and  Iodine. 
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experiments,  in  which  chlorine,  bromine,  and  iodine  were  employed 
instead  of  oxygen. 

From  an  inspection  of  these  tables  it  may  be  gathered  that 
the  amount  of  heat  disengaged  by  the  following  bodies^  in  their 
ordinary  physical  state,  during  their  combination  with  an  equal 
weight  of  oxygen,  is  nearly  the  same :  viz.,  hydrogen,  earbonic 
oxide,  cyanogen,  iron,  and  tin,  to  which  also  may  be  added  prot- 
oxide of  tin,  and  phosphorus,  though  the  heat  disengaged  by  the 
body  last  named  is  somewhat  higher  than  that  furnished  by  any 
one  of  the  others.  If,  however,  to  these  numbers  the  corrections 
due  to  the  change  in  the  physical  state  of  the  products  could  be 
applied,  the  same  coincidence  would  not  be  observed ;  but,  although 
the  trustworthy  numerical  data  required  for  making  these  correc- 
tions do  not  exist,  it  is  quite  obvious  that  when  equivalent  quan- 
tities of  the  diflferent  elements  unite  with  equal  weights  of  oxygen 
without  undergoing  change  in  their  physical  state,  they  emit 
specific,  but  dififerent  amounts  of  heat.  Sulphur,  copper,  and 
protoxide  of  copper,  disengage  little  more  than  half  the  heat  of 
the  substances  just  mentioned,  and  carbon  is  intermediate  between 
these  two  groups.  Zinc  gives  out  more  heat  than  either,  and 
potassium  more  than  zinc. 

(204)  Influence  of  Dimorphism, — According  to  the  experi- 
ments of  Favre  and  Silbermann,  equal  weights  of  the  same  sub- 
stance, when  in  different  allotropic  conditions,  evolve  somewhat 
different  amounts  of  heat  during  combustion;  the  modification 
which  is  least  dense  and  has  the  highest  specific  heat  evolving  the 
largest  quantity  of  heat  when  burned.  The  following  results  with 
carbon,  and  sulphur,  and  phosphorus,  in  different  states,  may  be 
given  in  illustration  of  this  point : — 

Unit!  of  Heat.    Speoific  Heat. 
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Similar  differences  were  observed  when  different  forms  of  the 
same  compound  body  were  submitted  to  experiment.  According 
to  these  observers,  heat  was  evolved  during  the  conversion  of  ara- 
gonite  into  calc-spar :  this  is  somewhat  remarkable,  for  the  density 
of  calc-spar  is   less  than   that  of  aragonite,  and  hence  from 
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analogy,  an  absorption  of  heat  was  rather  to  be  looked  for  in  this 
change. 

(205)  Heat  evolved  in  certain  Cases  during  Decomposition. — 
In  the  experiments  of  Dnlong  it  appeared  that  when  oxide  of 
carbon,  or  hydrogen,  was  burned  in  nitrous  oxide,  a  larger  amount 
of  heat  was  evolved  than  when  the  same  weights  of  these  gases 
were  burned  in  oxygen :  following  up  this  observation,  Favre  and 
Silbermann  were  led  to  the  remarkable  conclusion,  that  nitrous 
oxide,  in  the  act  of  decomposition,  evolves  a  considerable  amount 
of  heat ;  and  they  estimate  that  not  less  than  1154  units  of  heat 
arc  evolved  in  the  separation  into  its  elements  of  a  quantity  of 
nitrous  oxide  which  contains  1  gramme  of  oxygen.  In  the  de- 
composition of  peroxide  of  hydrogen  also,  heat  is  evolved  instead 
of  being  absorbed,  and  they  estimate  the  heat  evolved  during  the 
liberation  of  1  gramme  of  oxygen  from  peroxide  of  hydrogen  at 
1363  heat  units. 

Chemists  are  also  familiar  with  other  cases  in  which  decom- 
position is  attended  with  disengagement  of  heat;  as  when  the 
oxides  of  chlorine,  and  the  so-called  iodide  and  chloride  of  ni- 
trogen are  decomposed.  In  these  cases  evolution  of  light  and 
heat  occurs,  although  the  products  of  decomposition  occupy  a 
larger  bulk  than  the  compound  which  furnishes  them.  A  still 
more  striking  evolution  of  heat  attends  the  explosive  decomposi- 
tion of  gun-cotton,  although  the  gases  produced  occupy  many 
hundred  times  the  volume  of  the  original  substance.  The  latter 
case  is  particularly  instructive,  for  it  is  obvious  that  the  oxygen 
and  carbon,  although  present  in  the  compound,  are  each  there  in 
a  form  in  which  they  retain  a  large  share  of  heat,  ready  to  be 
evolved  when  more  intimate  chemical  union  occui's ;  and  it  is  by 
no  means  improbable  that  these  apparent  anomalies  may  be  due 
to  the  apparent  decompositions  being  truly  double  decompositions, 
two  new  bodies  being  in  each  case  formed.  Thus,  in  the  instance 
of  peroxide  of  hydrogen,  the  decomposition  may  be  thus  repre- 
sented, HjjO,0-f  H30,0  =  2  HjjO-hOj,;  where  the  heat  evolved  by 
the  union  of  the  two  atoms  of  oxygen  may  be  greater  than  that 
absorbed  in  the  decomposition  of  the  peroxide  of  hydrogen. 

(206)  Combustion  of  Compounds. — Generally  speaking,  the 
heat  given  out  during  the  combustion  of  a  compound  body  is  less 
than  that  emitted  by  the  combustion  separately  of  a  quantity  of 
each  of  its  constituents  equal  in  amount  to  that  present  in  the 
compound  burnt ;  but  this  is  not  uniformly  so,  as,  for  instance, 
in  the  case  of  oil  of  turpentine,  and  of  bisulphide  of  carbon. 
Favre  and  Silbermann  have  examined  the  amount  of  heat  de- 
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rdciped  dnrinir  tlie  oombostioD  of  manx  bTdiocarboiis  and  com- 

poand  tftiten.     Yvpin  tfacxe  expeiimentB  h  aj^iears  that  pcJTiiienc 

ht)iiit»^   do  !¥>(  emit  equal  amonntB  of  heat  during  eombostiaii ; 

hat  tbat  the  denJier  the  rs^oor  which  ther  famish,  the  smaller  is 

the  amoant  of  heat  which  ther  eirolTe  in  combining  with  equal 

wcfgfatii  of  oxTgen.     The    fioDowing    table,  which   indicates  the 

amount  of  heat  given  out  bj  hjdrocarbons  pdymeric  with  cdefiant 

gai>  distinctly  shows  this  : — 

Hest  Uniti. 


Olefiant  Gas 
Amvlene    . 
Paramylene 
Cetene  . 
Metamylene 


C,H, 


10 


C,  H 


1 1 858 

1 1491 

10928 


In  hrrniologousf  compoonds,  such  as  the  alcohols  and  the 
fatty  acids,  it  was  also  found  that  for  equal  weights  of  oxygen 
consumed,  the  heat  of  combustion  was  diminished,  the  oftener  that 
the  grcnip  of  elements  (Cllg)  entered  into  the  formation  of  the 
Com]KMind. 

Even  in  metamcric  bodies — which  contain  the  same  number  of 
atoms  of  the  same  elements  in  their  molecules,  but  the  atoms 
arranged  in  a  different  order  in  each  compound,  and  which 
yield  vajxiurs  of  the  same  density — the  quantity  of  heat  evolved 
during  conibustion  is  not  necessarily  the  same :  from  which  it 
would  appear  that  differences  in  the  molecular  arrangement  of  the 
com{K)nent  elementH,  although  the  number  of  the  atoms  may 
remain  unaltered,  may  yet  produce  differences  in  the  amount  of 
heat  evolved  during  oxidation.  For  example,  the  following  metame- 
rides  (all  containing  C^Ylfi^  evolve  different  quantities  of  heat : — 

Heat  Unite. 

n,c^R,o^   .   .    .   4670 

.    .    .   5279 
•    •    •    5344 

(207)  Indirect  Methods  of  estimating  Calorific  Equivalents, — 
The  difficulties  experienced  in  effecting  the  direct  combustion  of 
the  metals  in  oxygen,  chlorine,  iodine,  and  sulphur,  in  such  a 
manner  as  to  ensure  the  perfect  conversion  of  the  metal  into  a 
given  eon^Kiund,  unmixed  with  any  other  body  of  higher  or  lower 


Propionic  acid 
Formic  ether 
Acetate  of  methyl 


CHjpCgHgOjj 


the  same 
in  their 


*  Bodies  which  coutain  contesimally  the  same  proportion  of  tl 
elamantii,  but  which  each  contain  a  different  number  of  atoms  i 
molecule. 

t  Bodies  whioh  have  a  similar  constitution,  but  which  differ  in  composi- 
tion by  a  multiple  of  CH,. 
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degrees  of  oxidation,  &c.,  are  so  considerable,  that  Favre  and 
Silbermann  were  led  to  attempt  the  solution  of  this  problem  by 
indirect  means,  upon  a  principle  previously  suggested  and  applied 
by  Dr.  Woods  {Phil.  Mag.,  Oct.  1851).  An  examination  of  one 
of  the  methods  employed  in  the  case  of  the  oxides,  will  furnish  an 
idea  of  the  general  principle  upon  which  they  proceeded. 

Whenever  a  metal  is  acted  upon  by  an  acid,  or  when  one 
metal  is  employed  to  precipitate  another  metal  from  any  of  its 
salts,  as  when  zinc  is  dissolved  in  sulphuric  acid,  or  when  copper 
is  precipitated  by  means  of  zinc  fit)m  a  solution  of  its  sulphate, 
heat  is  evolved.  The  calorific  effects  thus  obtained  are,  however, 
complicated  results :  for  several  chemical  processes  concur  in  each 
operation,  some  of  these  processes  being  attended  with  the  absorp- 
tion, others  with  the  evolution  of  heat.  The  calorimeter,  of 
course,  only  measures  the  difference  of  these  quantities. 

Now,  if  it  be  assumed  that  the  quantity  of  heat  which  is 
absorbed  when  a  compound  is  separated  into  its  elements  is  the 
same  as  that  evolved  in  the  formation  of  that  compound,  it  becomes 
possible  to  calculate  the  value  of  the  calorific  action  of  any  one 
particular  chemical  operation  in  the  entire  process,  provided  that 
the  heat  produced  or  absorbed  in  the  other  portions  of  the  process 
be  determined  by  other  experiments.  Suppose,  for  instance,  we 
take  the  case  of  the  solution  of  zinc  in  dilute  sulphuric  acid — the 
elevation  of  temperature  observed  will  be  the  resultant  of  the 
following  operations : — 

In  the  first  place,  heat  is  evolved  by  the  combination  of  an 
equivalent  of  zinc  with  one  of  oxygen.    Let  this  amount  of  heat = a?. 

Secondly,  heat  is  produced  by  the  solution  of  the  oxide  of  zinc 
in  sulphuric  acid:  let  this = a. 

Thirdly,  heat  is  absorbed  by  the  separation  of  the  oxygen  and 
hydrogen  during  the  decomposition  of  a  quantity  of  water  equiva- 
lent to  that  of  the  zinc  dissolved  :  let  this =4. 

If  T  be  the  number  of  heat  units  indicated  by  the  rise  of 
temperature  observed  in  the  calorimeter,  supposing  a  and  b  to 
be  known  from  previous  experiments,  it  is  obvious  that  a?= 
T-a  +  4. 

Experiment  shows  that  T,  the  heat  evolved  during  the  solution 
of  I  gramme  of  zinc,  is  equal  to  567*9  heat  units.  The  solution 
in  sulphuric  acid  of  i  gramme  of  zinc  after  its  conversion  into 
oxide,  gave  for  a  a  quantity  equal  to  HS'SA^  •  *^^  ^y  ^^  he^t 
absorbed  during  the  decomposition  of  a  quantity  of  water  equivalent 
to  a  gramme  of  zinc,  was  found  by  another  experiment  to  be  equal 
to  1060*39  units,  or 
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^14462       the  calorific  equivalent  of  hydrogen 

or   --jT — T — ^  , 1     .    >-- =  106039 ; 

32*5  the  chemical  equivalent  of  zinc 

consequently^  x,  the  heat  attendant  on  the  oxidation  of  zinc^  is 

thus  obtained : — 

Heat  Uniu. 

T=  567-90 
+  i=io6o'39 

1628-29 

-g=  33554 

^=1292-75 

This  number  agrees  very  closely  with  the  direct  determination 
by  Andrews  and  by  Dulong,  both  of  whom  burned  the  metal  in 
oxygen.  The  experiments  of  Andrews  would  give  the  number 
1301,  and  those  of  Dulong  1298.  But  although  the  results  agree 
very  well  in  the  present  instance^  the  divergences  are  much  greater 
in  the  case  of  iron  and  of  copper. 

The  following  are  the  results  deduced  by  Favre  and  Silber- 
mann,  by  operations  conducted  upon  this  principle ;  the  quantities 
of  heat  evolved  being  calculated  for  i  gramme  of  each  element, 
when  combined  with  a  single  equivalent  (0=8)  of  the  bodies  with 
which  it  is  united  :-^ 


Elements. 

Oxides. 

Chloridee. 

Bromides. 

Iodides. 

Balpbides. 

HydrojB^en 

34463 

23783 

9322 

-3606 

2741 

Potaesmin 

25877 

2308 

1977-2 

1170-8 

Sodium   

4125-9 

Zino        

I39I 

15475 

6443 

Iron        

1352*6 

1775-5 

634*0 

SST' :::  ::: 

6»r9 

9237 

285-4 

260- 1 

4301 

3154 

223-1 

91-9 

Silver      

566 

322-2 

2372 

1727 

511 

Notwithstanding  the  confidence  with  which  these  numbers  are 
put  forward  by  their  authors^  it  must  be  admitted  that  the  data 
necessary  for  the  calculations  by  which  they  were  obtained  are  as 
yet  very  incomplete.  The  latent  heat  of  oxygen  in  the  gaseous 
state  is  unknown^  and  other  important  numbers  are  wanting :  the 
results  given  in  the  foregoing  table  cannot^  therefore,  at  present 
be  received  without  great  reserve. 

(208)  Mercurial  Calorimeter  of  Favre  and  Silbermann. — Most 
of  these  experiments  were  performed  by  the  aid  of  a  mercurial 
calorimeter  {Ann.  de  Chimie,  III.  xxxvi.  33).  This  instrument  may 
be  regarded  as  a  mercurial  thermometer,  with  a  very  large  bulb 
capable  of  receiving  within  it  the  substances  which  were  submitted 
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to  experiment.     It  consists  of  a  large  glass  globe,  a.  Fig.  152,  of  the 
capacity  of  about  31  fluid  ounces,  provided  with  three  apertures, 


^^ 


one  at  the  top  and  two  at  the  sidcB.  Into  one  of  the  lateral  aper- 
tures, &,  is  fixed  obliquely  a  tube  of  thin  iron  or  of  platinum,  closed 
at  the  bottom ;  and  into  this  tube,  which  is  called  the  muffie,  is 
introduced  another  tube,  c,  of  very  thin  glass,  containing  the  sub- 
stances which  arc  to  be  submitted  to  experiment :  this  glass  tube  is 
fitted  iuto  the  metallic  tube  by  means  of  a  cork,  d;  a  small  quantity 
of  mercury  is  placed  within  the  muffle,  the  object  of  this  expedient 
being  to  transmit  the  heat  rapidly  from  the  glass  tube  to  the  body 
of  the  ealorimeter.  The  second  lateral  aperture,  e,  terminates  in  a 
neck  which  is  cun'ed  vertically  upwards,  and  into  which  is  cemented 
the  bent  extremity  of  a  horizontal  capillary  tube,  /,  of  uniform 
bore,  open  ait  both  ends,  and  18  or  20  inches  in  length  :  by  means 
of  this  tube  the  changes  in  volume  of  the  mercury  can  be  mea- 
sured upou  the  scale,  g  g.  Through  the  upper  aperture  of  the 
globe  passes  a  steel  piston,  A,  moved  by  a  screw,  by  which  means 
the  column  of  mereury  in  the  capillary  tube  can  be  reduced  at 
pleasure  to  the  zero  of  the  scale.  The  globe  is  itself  enclosed  in  a 
wooden  case,  k,  lined  with  swan's-down  in  order  to  diminish  the 
disturbing  eflTccts  of  external  changes  of  temperature. 

The  value  of  the  amount  of  expansion  indicated  was  at  once 
transformed  into  uniU  of  heat,  by  ascertaining  the  amount  of  ex- 
pansion produced  by  the  cooling  of  a  given  weight  of  water  ttora 
the  boiling-point,  to  a  measured  degree  of  temperature :  by  multi- 
plying the  weight  of  water  in  grammes  by  the  number  of  d^rees 
Centigrade  which  it  had  lost  in  cooling,  the  number  of  unitt  of 
heat  was  ascertained ;  since,  by  our  definition,  a  unit  of  heat  is 
the  quantity  of  heat  required  to  raise  i  gramme  of  water  j°  C,  The 
number  of  inches  by  which  the  mercurial  column  had  advanced  in 
the  capillary  tube  during  the  operation  was  next  accurately  mea- 
sured ;  and  by  dividing  this  measured  column  by  the  number  of 
heat  units,  the  instrument  was  graduated  bo  as  to  enable  the 
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f^miTM^  Up  mf^frd  at  oooe  the  number  of  unitBof  heat  disengaged 
Mf  afm^/rtjed  during  anr  chemical  change. 

TIjk  ai^rattu  i»  good  in  princij^Cy  but  it  is  c^ien  to  certain 
iAtya^UftM  in  the  mode  of  its  constmction  : — the  sides  of  the  glass 
vimmtl  are  neci^iwarily  thick,  to  enable  it  to  sustain  the  large  weight 
ij(  UHtrcury  with  which  it  is  filled ;  the  glass,  therefore,  cannot 
rapiilly  and  certainly  adjust  itself  to  the  temperature  of  the  hot 
nusfi'Mry  with  which  it  is  in  contact.  Moreover  the  tubes  are 
VAsmMiUtA  luU)  the  three  openings  with  mastic  or  marine  glue. 
TIic  apimratus,  U)  work  well,  should  have  been  filled  like  a  baro- 
meter or  thtjrniomctcr,  since  the  presence  of  even  a  small  bubble 
of  air  would  materially  aflTect  the  accuracy  of  the  results.  It  is 
true  til  at  it  is  stated  that  the  globe  was  filled  with  mercury  in 
vacuo,  but  with  cemented  joints  this  precaution  would  soon  be 
rondenjd  useless.  It  is  therefore  necessary,  in  estimating  the 
amount  of  confidence  due  to  the  results  obtained  by  its  use,  to 
bear  in  mind  these  possible  sources  of  inaccuracy.  This  is  the 
more  necessary,  since  it  is  principally  in  the  numbers  obtained  by 
the  UNO  of  tliis  apparatus  that  the  results  of  Favre  and  Silbermann 
(lifilir  from  those  of  Andrews.  At  the  same  time  it  is  to  be  re- 
marked, that  the  results  published  by  the  French  observers  appear 
to  be  v(Ty  eonsistent  with  each  other. 

(ioy)  On  the  Heat  evolved  during  Metallic  Precipitations. — 
On  tho  oth(T  hand,  it  must  be  stated  that  the  varied  and  careful 
t^xporiuionts  of  Andrews  {PhiL  Trans.,  1848)  upon  the  heat  evolved 
during  the  prt>oipitation  of  several  metals  fix)m  their  salts  by  the 
notion  of  otl\or  mettds,  furnished  numerical  results  differing  &om 
tUoso  oulrulttttHl  by  Fa^Tc  and  Silbermann.  In  the  experiments  of 
AudiTws,  the  tnirrtH^tions  required  are  not  in  aU  eases  completely 
under  exact  exjHTimental  control ;  in  the  displacement  of  co|qier 
by  U^ul  the  iHirrt^ction  amounts  to  one-eighth  of  the  whole  incre- 
lueut  irf  ht^t,  but  in  other  instances  the  correction  is  trifling,  not 
exctHHliu^  one^fifUeth  of  the  amount  of  heat  evolved ;  the  numbers 
obtaiutni  iu\>  mutually  consistent.  An  additional  test  of  tiie 
lieourai\v  i>f  this  method  is  afforded  by  the  data  furnished  in  two 
lUHV^nnU  »^'rit>s  of  experiments  upon  the  amount  of  heat  obtained 
duriii^  the  imvipitatkm  of  copper  by  line — the  cone^MKidii^ 
^uuiU^nt  iu  U>th  $els  of  experiments  agreeing  very  dcertr  with 
«meh  i^her.  lu  the  &rsl  set  of  experiments  metallie  copper  w«s 
)«eeiyautt4  firc«u  a  strong  section  of  its  snljdiaie  br  OMaas  of 
»UIA.\  m  a  ^umJH  ^tsts^  ve«!$^  and  the  heat  estimated  hr  the  ne  c^ 
liMiiyiw^lure  ^'xv^meiieed  by  the  water  of  a  cakrimetcr  m 
^  (bas  xtusel  waa  contauued:  in  the  second  series  m 
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Bolution  of  Bulphate  of  copper  was  employed,  and  the  heat  was 
measured  by  the  rise  of  temperature  experieneed  by  the  liquid 
itself.  The  mean  of  4  experiments  by  the  first  plan  gave  864  as 
the  number  of  units  of  heat  evolved  by  the  precipitation  of  each 
gramme  of  copper  from  its  sulphate ;  whilst  the  mean  of  5  experi- 
ments upon  the  latter  method  was  868. 

The  following  are  the  numbers  given  by  Andrews,  but  he  has 
purposely  abstained  from  any  attempt  to  deduce  fr^m  them  the 
amount  of  heat  developed  during  the  indirect  oxidation  of  the  metal 
which  acts  as  the  precipitant : — 

Table  of  Heal  evolved  during  Metallic  Precipitaltons. 


Clui  or  Skit.  UKd,  >ud  llettl>  em- 
plojed  fur  pieciinuiling  a*ai. 

NudcoT 

proriiiit-Wd 

mflml. 

Unit,  (irh.lt 
eiolviMl  bj  preoipi- 

Nunc  or 
procipiutiijg 

amt  lot  1 

Fori 
gramm.. 

For. 

SaltB  of  Copper  by  Zinc   ....  Copper 
Saits  of  Copper  bj  Iron  ...  '  Copper 
Salts  of  Copper  by  Lead  ...  1  Copper 
Salts  of  Silver  by  Zinc     ...      Silver 
Salta  of  Silver  by  Copper . . .      Silver 
SflltBofLeadbyZinc      ...     Lead 
Salts  of  Mercury  by  Zioo ..      Mercury 
SaltB  of  Platinum  by  Ziae     Platinum 

866 

436 
161 

183 

333 

899 

18736 
8488 
45976 
17408 
I885S 
33328 
88680 

Ziao 
Iron 
Lead 
Zino 

zr 

Zinc 
Zino 

847 

'11 
1410 

549 
585 
1034 
3750 

In  these  experiments  a  known  weight  of  finely-divided  zinc, 
iron,  lead,  or  copper,  as  the  case  might  require,  was  mixed  with  a 
solution  of  the  salt  to  he  decomposed ;  taking  care  that  the  metal 
employed  was  always  more  than  sufficient  completely  to  decom- 
pose the  salt  in  solution  :  the  rise  of  temperattire  which  occurred 
was  noted  with  the  usual  precautions. 

Andrews  states,  as  the  result  of  a  large  number  of  experiments, 
that  the  quantity  of  heat  developed  during  the  mutual  action  of  the 
same  pair  of  metals  is  the  same,  when  an  equivalent  of  one  metal, 
A,  displaces  another  metal,  b,  from  any  of  its  salts,  whatever  may 
be  the  acid  of  the  salt  employed,  provided  that  b  is  in  the  same 
state  of  oxidation  in  each  of  the  compounds  submitted  to  experi< 
ment.  But  if  a  different  metal  be  employed  to  effect  the  precipi- 
tation, the  amount  of  heat  evolved  is  different.  Thus,  whether 
chloride,  or  sulphate,  or  acetate,  or  formiate  of  copper  be  precipi- 
tated by  zinc,  the  quantity  of  heat  developed  in  each  case  for  every 
equivalent  of  copper  is  sensibly  the  same,  viz.,  27452.  But  if  iron 
be  substituted  for  zinc  in  the  precipitation  of  the  copper,  the 
amount  of  heat  is  different,  viz.,  18736;  though  iron  evolves  the 
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same  amount  of  heat,  whether  the  sulphate  or  the  chloride  of 
copper  be  employed.  The  principle,  that  the  quantity  of  heat  deve- 
loped during  the  mutual  action  of  the  same  pair  of  metals  is  always 
the  same  whatever  be  the  nature  of  the  acid  contained  in  the  salts 
employed,  has  since  been  assumed  by  Favre  and  Silbermann  in 
their  calculations.  If  the  metals  be  arranged  in  a  Ust,  beginning 
with  those  which  emit  the  largest  amount  of  heat  when  used  as 
precipitants,  the  order  in  which  they  will  stand  is  the  following — 
zinc,  iron,  lead,  copper,  mercury,  silver,  and  platinum.  Now,  it 
will  be  remarked  that  this  is  exactly  in  the  electro-chemical  order 
(261),  zinc  being  the  most  electro-positive,  and  platinum  the  most 
electro-negative.  Another  interesting  point  of  connexion  between 
the  thermal  and  the  electrical  phenomena  exhibited  by  the  metals, 
is  to  be  observed  in  the  fact  that  the  nature  of  the  acid  contained 
in  the  salt  which  is  undergoing  decomposition,  does  not  influence 
either  its  tliermal  equivalent,  or  the  electro-motive  force  (260) 
which  it  exerts  when  employed  in  the  production  of  voltaic  action. 
The  following  remarkable  conclusion  was  deduced  by  Andrews 
from  these  experiments : — If  three  metals,  a,  b,  and  c,  be  so  related 
that  A  is  capable  of  displacing  b  and  c  from  their  combinations, 
and  B  be  also  capable  of  displacing  c,  the  heat  developed  by  the 
substitution  of  a  for  c  will  be  exactly  equal  to  that  developed  in 
the  substitution  of  a  for  b,  together  with  that  developed  in  the 

substitution  of  b  for  c  : — 

Heat  Units. 
Thus,  I  equivalent  of  lead  displaced  by  zinc  =   18856 

I  equivalent  of  copper  by  lead       .     .  =     8488 


I  equivalent  of  copper  by  zinc       .     .   =   27344 


The  experimental  number  for  copper  by  zinc  being  27452 

An  analogous  phenomenon  is  observed  in  the  electrical  relations 
of  the  metals  (260)  :  when  three  metals  such  as  platinum,  zinc, 
and  potassium  are  arranged  two  and  two  in  their  electrical  order, 
the  electro-motive  force  generated  between  the  two  extremes,  pla- 
tinum and  potassium,  is  equal  to  the  sum  of  the  electro-motive 
forces  of  the  pairs  platinum  and  zinc,  and  zinc  and  potassium. 

(210)  Calorific  Equivalents  of  the  Elements, — The  restilts 
obtained  by  the  direct  action  of  oxygen,  chlorine,  iodine,  and  bro- 
mine upon  various  elementary  bodies,  are  sununed  up  in  the  fol- 
lowing table,  in  wliich  the  numbers  given  indicate  the  quantity  of 
heat  evolved  by  the  union  of  equivalent  quantities  of  oxygen, 
chlorine,  iodine,  and  bromine,  with  each  element,  taking  as  the 
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standard  of  comparison  the  number  of  grammes  of  water  at  o°  C, 
which  would  be  raised  to  i®  C.  by  the  combustion  of  i  gramme  of 
hydrogen  in  oxygen.  In  this  case  the  numbers  for  the  diflTerent 
elements  are  all  calculated  from  their  equivalent  numbers,  and 
correspond  with  those  given  in  the  table  at  pp.  19,  20,  not  with  the 
atomic  weights.  The  quantities  of  heat  thus  given  out  are  termed 
by  Favre  and  Silbermann  the  calorific  equivalents  of  the  different 
elements. 

The  numbers  to  which  an  A  is  prefixed  are  those  of  Andrews ; 
F.  S.  indicate  those  of  Favre  and  Silbermann :  when  an  asterisk 
is  prefixed  to  any  number,  the  result  has  been  calctdated  by  indirect 
methods,  upon  the  principle  already  explained  (p.  345) : — 


Calorific  Equivalents  of  various 

Elements  (0  =  8) 

1. 

Elements. 

Obserrers. 

Ozjgen. 

Chlorine. 

Bromine. 

Iodine.  ' 

Sulphur. 

Hydrogen    ... 

F.S. 

34462 

23783 

•9322 

•—3606 

•2741 

Carbon 

99 

24240 

Sulphur 

»» 

17760 

Phosphorus . . . 

A. 

36072 

Potassium    ... 

A. 

i 

104476 

Ditto 

F.S. 

•100960 

•90188 

•77268 

•45638 

Sodium 

>f 

94847 
50658 

Zinc      

A. 

/     42283 
)  *4245^ 

40640 

26617 

Ditto 

F.S. 

•50296 

•20940 

Iron      

A. 

I  -.^3072 
J •37828 

32695 

23833 

8046 

Ditto 

F.S. 

•49651 

•17753 

Tin        

A. 

335^9 

31722 

Arsenic 

If 

24992 

Antimony    ... 

Dulong. 

47000 

A.  30401 

Copper 

»> 

7   19^52 

;»2i8§5 

30404 

Ditto 

F.S. 

•29524 

•9133 

Lead     

»* 

•27675 

•44730 

♦32802 

•23208 

•9550 

Silver   

>t 

•6113 

•34800 

•25618 

•1865I 

•5524 

From  an  examination  of  the  foregoing  table  of  calorific  equi- 
valents, it  will  be  obvious  that  the  temperature  evolved  in  the  act 
of  combination  rises  highest  in  those  cases  in  which  the  chemical 
aflRnity  between  the  two  elements  is  the  strongest,  and  where  the 
compound  possesses  the  greatest  stability.  No  definite  quantita- 
tive expression  of  the  law  which  regulates  the  evolution  of  heat 
during  combination,  can,  however,  be  deduced  from  these  num- 
bers, owing  to  the  variety  of  disturbing  causes  when  bodies  are 
compared  in  the  solid  state. 

(211)  On  the  Heat  developed  during  the  Reaction  of  Acids 
upon  Bases, — A  carefiil  and  extensive  series  of  experiments  upon 
the  heat  developed  during  the  saturation  of  dilute  solutions  of 
different  acids^  by  each  of  the  more  important  bases  with  which 


duer  xra  «:'Liiiie  :tjnp«:irnitii.  wi»  uohlsi&eii  br  Andrews  in  li^u 
Tnsu.  Riy.  LnMi  JLnuL^  t^iL  xix.  Pirt  ILj  Ll  tfaoe  eqierimeiits 
a  aiighc  e!ii!eaR  :t  3ft!iii  th^  snrpisflerr  empiujisd ;  tiie  baaes^  where 
ic  wan  3«:flBL?iije.  beizi^r  in.  x  fcase  ct  KlXECua.  When  die  bases  are 
in  die  inaci::i!:ie  xm,  tfu»  leas  ofaaerved  is  of  coarse  lower  than 
tfaas  due  ^:  ihe  chemical  acma ;  a  pivoua  brxn^  afasorbed  in  the 
pofluee  -:t  die  base  crom  che  fuiid  tt>  dhe  iapdi  condition ;  but 

althon^  die  ;::jjirirv^  -jL  hear  »  obsor^xni  os  imknown.  this  amount 

—  *  •  * 

B  cofiatar.:  a:r  die  fame  base,  ami  dierobre  the  obserred  results 
obcained  iSjr  die  comOEsa^aan  cf  cqml  we^its  of  this  base  with 
di&fent  acids  ar&  mnroailT  ccmparafale.  A  rcnoK  of  this  subject 
B  grren  br  die  some  aiztbor  ia.  a  "^  Report  on  the  Heat  of  Comfai- 
nation,"  pabLf:»ted  in  die  Rfpnrt  of  tie  Brituk  jMOcimiiom  tar  1849, 
p.  69-      From  diese  experimeiLS  it  appeals: — 

I.  "  Thar  an  equiTjIenr  of  die  sune  bapse,  combined  with  dif- 
lermt  acids,  prodiices  aecr^  die  same  qoantztr  of  heat. 

3.  '"'  An  eqnrralent  of  the  same  acid,  combmed  with  different 
baseSy  prodoces  different  amounts  of  heat. 

3.  "  When  a  nexxtral  salt  is  converted  into  an  acid  salt  by 
combining  with  one  or  more  eqmralents  of  an  acid,  no  disengage- 
ment of  heat  occms. 

4.  "  When  a  dooble  salt  is  formed  bj  the  onion  of  two  neutral 
•alts,  no  disen|?agement  of  heat  occors. 

5.  "  AVhen  a  neutral  salt  is  converted  into  a  basic  salt^  the 
combination  is  accompanied  hv  the  disengagement  of  heat. 

6.  ''  Allien  one  and  the  same  base  displaces  another  finom  any 


Heat  Units  evolved  by  the  CombinaiUm  of  i  Equivalent  oj 
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Holpliaric... 
Holphorr/iM , 

1i\Uie  

Yh*mph<fnc,  \ 
ArMmie    ... 
If/flrochUiric 
HyArifhromic 
Hvdriodio  .. 
Chrcrmle  ... 

OjuIIo 

Aceiio  ...... 

Formio...... 

TftrUrlo   ... 

Oitrio   

Huoololo   ... 


PoUa- 

Sodiom. 

oMflJOU. 

Anuno- 

M«|C. 

:    Cal- 

1 

!   Zinc. 

Le^ 

SSher. 

;  pou» 

• 

Sodiim. 

nun.  j 

I  mam.    iwuiun.    aum. 

\ 

1 

1 

nam. 

15900    16200 

•  •  « 

13900    18500'      ... 

•11800 

••• 

i  ... 

16083 

15810 

15900        ... 

«  •  « 

•  •  • 

•  •  •                         «  •  • 

1      ... 

1 

•  •  • 

•  •• 

•  •• 

14600    14000 

14700 

12100 

1 7700 '  15700 

10300 

8900 

6900 

15510 

I5»83 

14100    14000 

•  •  • 

•  «  « 

•  •  • 

'5500 

••• 

•  •  • 

••• 

17766 

•  •• 

I4IO0! 13900 

•  •  • 

11100 

•  •• 

•  •• 

1 

■  •■ 

•  •  • 

•  •• 

•  •• 

14300 

14700 

14700 

11100 

17700 

•  •• 

10600 

•  •• 

••• 

'5656 

151J8 

«  •  ■ 

•  •  • 

•  •• 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

■  *• 

••  • 

15510 

i5»59 

I4IOO 

14100 

14700 

II900 

•  •  • 

•  •  • 

9800 

•  •  • 

•■  • 

15698 

15097 

14000 

•  •  • 

•  •  ■ 

•  •  • 

V** 

•  ■  • 

•  •  • 

•  •• 

••• 

>  •• 

•  •• 

14400 

1 4600 

•  •  • 

II4OO 

•  •  • 

•  -  • 

•  •  • 

•  •  • 

••• 

MI56 

1375* 

i3«oo 

13800 

13700 

II900 

•  •• 

»53oo 

•  •• 

8100 

••• 

*3973 

13600 

13900 

•  •  • 

•  •• 

**• 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

••• 

•  •• 

13308 

13^00 

11900 

•  •  • 

11100 

•  •  • 

•  •  • 

•  •  • 

•  •• 

••• 

'34«5 

11651 

13100 

11900 

•  •• 

IIOOO 

•  •• 

•  •• 

•  •• 

•  •• 

••• 

'3658 

13178 

13400 

11900 

•  •• 

11100 

•  •• 

... 

•  •• 

•  •• 

... 

•  •  • 

•  •» 
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of  its  neutral  combinations,  the  heat  evolved  or  absorbed  is  always 
[nearly]  the  same,  whatever  the  acid  element  may  he"* 

The  results  of  Favre  and  Silbermann  lead  to  conclusions 
substantially  similar,  though  the  absolute  quantities  of  heat  which 
they  obtained,  in  many  cases  differ  considerably  from  those  pub- 
lished by  Andrews.  The  table  which  is  given  at  the  bottom  of 
this  and  the  preceding  page  indicates  the  amount  of  heat  obtained 
by  both  observers  by  combining  i  equivalent  of  each  of  the  different 
bases,  with  each  acid,  the  acid  being  always  very  slightly  in  excess. 

In  the  present  stage  of  our  knowledge  upon  this  subject,  it 
appears  safest  to  state,  that  the  quantity  of  heat  emitted  during 
the  act  of  combination  of  equivalent  quantities  of  different  acids 
with  a  given  base,  although  nearly  the  same,  is  not  rigidly  so. 
They  might  probably  be  arranged  in  isothermic  groups,  as  follows, 
— those  which  stand  first  evolving  most  heat : — 


*  The  author  cannot  here  omit  acknowledf^ing  the  kindness  of  his  friend 
Dr.  Andrews,  who  has  fiirnished  him  with  a  table  of  his  experimental  results, 
reduced  from  the  paper  in  the  Transactioju  qf  the  Royal  IrUh  Academy  to 
the  hydrogen  unit,  corrected  for  the  specific  heat  of  the  solutions  employed ; 
this  correction  is  very  trifling  in  amount,  but  it  was  omitted,  as  stated,  in 
the  original  paper.  Dr.  Andrews  has  also  communicated  to  the  author  the 
result  of  an  unpublished  series  of  experiments  upon  this  subject,  which  were 
undertaken  witn  a  view  of  throwing  light  upon  the  difference  between  the 
conclusions  arrived  at  by  the  French  chemists,  and  those  formerly  published 
by  the  Professor  of  Belfast.  The  general  result  of  these  new  exjperiments, 
which  were  performed  with  thermometers  of  greater  sensitiveness  tnan  on  the 
former  occasion,  and  with  additional  precautions  to  avoid  error,  confirms  the 
conclusions  previously  arrived  at  by  Dr.  Andrews. 


he  undermentioned  Bases  with  i  Equivalent  of  certain  Acids, 


AND  SILBERMANN. 

irinni. 

Ammo- 
nium. 

Mag. 
nesium. 

Cal- 
ciura. 

Zino. 

Man- 
ganese. 

Nickel. 

Cobalt. 

Iron, 
ferrous. 

Cad. 
mium. 

Copper. 

Lead. 

Sflver. 

14690 

I4440 

•  •  • 

i0455 

HO75 

11932 

11780 

10872 

10240 

7720 

•  •• 

•  •  • 

5360 

•  «  • 

13676 

•  •  • 

•  •  • 

12840 

•  •• 

16943 

•  «  • 

8323 

•  •  • 

10850 

•  •  • 

10450 

•  •  • 

9956 

9648 

•  •  • 

8116 

•  •  • 

6400 

•  •  • 

•  •  • 

9240 

•  •  • 

•  •  • 

6206 

•  •  V 

^3536 

•  •  • 

13220 

•  •  a 

•  •  • 

•  •  • 

8307 

•  •  • 

"235 

•  •  • 

IO412 

•  •  • 

•  •  • 

10374 

•  •• 

•  •  • 

9828 

8109 

•  •  • 

6416 

V  •  • 
•  •  • 

•  •• 

•  •  • 

•  •  • 

•  •  • 

•  •• 

•  ■  • 

•  •  V 

•  •• 

•  •• 

•  «  • 

•  •• 

•  •  • 

•  •• 

•  •■ 

... 

•  •  • 

12649 

•  •  • 

12270 

•  •  • 

•  •  • 

•  •  • 

7720 

•  •  • 

9982 

•  •  • 

9245 

•  «  • 

9272 

•  •  • 

8590 

•  •  • 

7546 

•  •  • 

5264 

•  •• 

•  •V 

•  •• 

•  •• 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

V  *  • 

•  •• 

•  •• 

*■« 

•  •• 

.•• 

•  •  • 

•  •  • 

•  ■  • 

•  •  • 

•  ■  • 

•  •  • 

•  •  • 

•  •• 

■  •• 

*•• 

•  •• 

... 

•  a* 

••• 

• .. 

•  •• 

•  •  • 

•  •  • 

•  •• 

•  •  • 

•  •• 

•  •• 

••• 

•  •• 

••• 

•  •  ■ 

•  •• 

•  •  a 

•  •  • 

•  •  • 

•  ■  • 

•  •• 

•  •• 

•  •• 

••• 

vaa 

«•* 

■  •• 

•  •• 

A  ▲ 
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With  I  Eqt.  of  Potaah. 
T.  Sulphuric  and  sulphurous  acids      .     .     .  15900 

2.  Oxalic,  nitric,  phosphoric,  arsenic,  hydro-")        ^ 

chlonc,  hydnodic ) 

3.  Chromic,  formic,  acetic 14000 — 13800 

4.  Tartaric,  citric,  succinic 13200 

The  bases  also  differ  in  the  amounts  of  heat  which  they  emit 
in  combining  with  the  same  acid,  but  as  only  a  very  few  of  the 
bases  are  soluble  in  water,  their  thermic  powers  cannot  be  com- 
pared in  so  simple  a  manner  as  those  of  the  acids.  Potash,  soda, 
and  baryta  seem  to  be  nearly  isothermic,  whilst  anmionia  is  de- 
cidedly inferior  to  these  bases.  Lime,  magnesia,  and  the  other 
insoluble  oxides,  cannot  be  satisfactorily  compared  with  each  other, 
until  the  amount  of  heat  which  is  absorbed  during  their  passage 
into  the  liquid  form  is  known. 

(212)  Estimate  of  Heat  absorbed  during  Solution  of  Salts. — 
During  the  solution  of  saline  bodies  in  water,  heat  is  generally 
absorbed ;  but  in  a  few  instances  where  anhydrous  salts  are  dis- 
solved, as  in  the  case  of  the  chlorides  of  zinc,  iron,  and  copper, 
an  evolution  of  heat  occurs,  owing  to  the  preliminary  formation 
of  a  solid  hydrate.  The  following  are  experimental  data  furnished 
by  Favre  and  Silbermann  upon  this  point : — 

Heat  Absorbed  during  the  Solution  of  ^alts. 


Atomic 
weighU. 

Heat  miita 

Heat  abaorbed 

liTame  of  Salt. 

abaorbed  by  i 

by  I  eqt.  in 

gramme. 

grammes. 

Sulphate  of  potassium 

•  •  • 

87X2 

35*3 

6142 

„         sodium     

.•  • 

71X2 

491 

6972 

ff        ammonium      ... 

... 

66X2 

ii*i 

1465 

• 
99              ZIDC    ■••        •••       ••« 

... 

805X2 
70X2 

14-8 

2^83 

„         iron  (ferrous)  ... 

•  •  • 

121 

1839 

„         potash-alum    ... 

... 

2585 

231 

5991 

„         ammonia-alum 

*•  • 

2375 

i9'o 

45^2 

Acid  sulphate  of  potassium .. 

.  •  • 

1360 

256 

3481 

Chloride  of  potassium 

•«• 

74*5 

51*9 

3866 

,f        sodium     

... 

58-5 

8-9 

520 

f,        ammonium      ... 

••• 

63*5 

651 

3483 

f,        calcium    

. .  • 

555 

155 

860 

„        strontium 

... 

792 

249 

1972 

„         barium     

... 

104*0 

160 
37*8 

1757 
4498 

Bromide  of  potassium 

... 

119 

Iodide  of  potassium    

Nitrate  or  potassium 

« •  • 
••* 

166 

lOI 

292 
70*5 

4847 
712I 

,,       sodium      

•  •  • 

^5 

45*5 

3867 

99       ammonium 

... 

80 

659 

5272 

f,       calcium      

.  •  • 

82 

271 

2222 

ft       strontium 

... 

io5'7 

41-2 

4355 

ff       leau   •••     ...     ••« 

*  •  • 

1656 

149 

2467 

fi       silver  •••     ...     ••• 

.•a 

170 

31  ^ 

5287 
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(213)  Heat  evolved  during  the  Solution  of  Gases, — During  the 
solution  of  gaseous  acids  and  bases  in  water,  a  considerable  evolu- 
tion of  heat  takes  place,  which  has  been  estimated  by  Favre  and 
Silbermann  in  the  following  instances : — 


Atomic 
weights. 

Heattinita 

Heat  units 

Name  of  Oas. 

Formula 

from  I 

from  I  eqt.  in 

gnunmes. 

Sulphurous  anhydride    ... 

SO. 
HCl 

32X2 

I20'4 

7705 
164 10 

Hydrochloric  acid   

36-5 

4496 

Hydrobromic  acid 

HBr 

81 

235^ 

19083 
18906 

Hydriodic  acid 

HI 

128 

H7*7 

Ammonia 

HaN 

17 

5M-3 

8738 
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MAGNETISM    AND    ELECTRICITY. 

I.  Magnetism, — II.  Static  Electricity, — III.  Dynamic  or  Voltaic 
Electricity, — IV.  Electro- Magnetism. — V.  Magneto-Electri- 
city,— VI.  Thermo-Electricity. — VII.  Animal  Electricity. — 
VIII.  Diamagnetism, 

(214)  The  forces  of  magnetism  and  electricity  are  now  found 
to  be  so  intimately  related,  that  it  is  hardly  possible  to  study  the 
operations  of  either  separately. 

The  power  of  the  loadstone  to  attract  small  pieces  of  iron  was 
recognised  as  a  remarkable  natural  phenomenon  for  centuries 
before  the  Christian  era;  and  the  'pointing'  of  the  magnetic 
needle  north  and  south,  was  early  applied  to  the  purposes  of 
navigation  by  the  Chinese ;  but  it  was  not  employed  for  that  pur- 
pose by  European  nations  till  the  latter  end  of  the  fifteenth  cen- 
tury. The  property  of  temporarily  attracting  light  objects  which 
amber  acquires  when  rubbed,  was  also  familiar  to  the  Grecian 
philosophers ;  but  it  was  not  till  about  260  years  ago  that  Gilbert 
laid  the  foundation  of  electrical  science,  and  that  Otto  de  Guericke 
and  Hauksbee  contrived  the  first  electrical  machines.  Nautical 
men,  likewise,  had  often  observed  that  after  a  ship  had  experienced 
a  stroke  of  lightning,  the  compass  was  deranged  or  its  poles  were 
reversed ;  but  it  was  not  until  the  year  1819  that  the  true  con- 
nexion between  electricity  and  magnetism  was  pointed  out  by 
Oersted,  when  he  published  his  memorable  discovery,  that  a  mag- 
netic needle  if  suspended  freely  at  its  centre,  would  place  itself  at 
right  angles  to  a  wire  which  was  transmitting  an  electric  current. 
After  the  publication  of  Oersted's  discovery,  the  means  of  obtain- 
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ing  powerfiil  temporary  magnets  by  transmitting  electrical  cur- 
rents through  wires  coiled  around  masses  of  soft  iron^  or  iu  other 
words,  the  methods  of  preparing  electro-magnets,  were  speedily 
devised ;  and  thus  the  dependence  of  magnetism  on  electricity  in 
motion  was  shown:  whilst  in  1831  the  completion  of  this  chain  of 
discovery  was  effected  by  Faraday,  who  announced  that  a  current 
of  electricity  might  be  obtained  in  a  closed  conducting  wire  from 
the  magnet,  by  moving  it  across  the  line  of  the  conductor. 

In  its  chemical  bearings,  particular  importance  attaches  to 
Volta's  invention  of  the  voltaic  pile  or  battery,  which,  in  the 
hands  of  Davy,  led  to  the  discovery  of  the  metallic  bases  of  the 
alkalies  and  of  the  earths,  and  effected  a  complete  change  in  the 
aspect  of  chemical  science.  In  later  years,  the  applications  of  the 
voltaic  battery  to  the  chemical  arts  of  gilding,  silvering,  zincing, 
.&c.,  have  rendered  it  an  instrument  of  great  importance  in  the 
industrial  arts. 

§  I.  Magnetism. 

(215)  It  will  not  be  necessary  to  enter  fully  into  the  subject 
of  magnetism,  but  a  few  remarks  upon  the  more  important  pecu- 
liarities of  this  force  will  materially  aid  in  fixing  upon  the  mind 
clear  ideas  of  polarity  and  polar  action. 

Electricity  is,  like  magnetism,  a  polar  force,  and  the  pheno- 
mena of  chemical  attraction  also  fall  into  the  class  of  polar  actions. 

The  most  obvious  character  of  magnetism  is  seen  in  the  power 
of  attracting  masses  of  iron,  which  is  displayed  to  a  greater  or  less 
extent  by  magnetized  bodies.  This  power  of  attracting  iron  was 
first  observed  by  the  ancients  in  an  iron  ore  obtained  from  Mag- 
nesia in  Asia  Minor;  hence  the  property  was  termed  magnetinTn, 
and  when  in  more  recent  times  its  directive  property  was  observed, 
the  mineral  itself  was  named  the  lead-atone  or  loadstone.  A  steel 
bar  if  rubbed  in  one  direction  with  the  loadstone  acquires  similar 
properties  ;  when  poised  horizontally,  as  may  be  done  by  supporting 
it  upon  a  point,  such  a  bar  will  take  up  a  fixed  position  with  regard 
to  the  poles  of  the  earth ;  in  this  country  it  will  point  nearly  north 
and  south.  The  end  of  a  magnetic  bar  which  points  towards  the 
north  is  distinguished  by  a  mark,  and  is  hence  often  termed  the 
marked  end  of  the  magnet.  This  peculiarity  in  the  magnet  of 
taking  a  fixed  direction,  renders  it  invaluable  to  the  navigator. 
A  magnetized  needle  attached  to  a  card  marked  with  the  cardinal 
points,  and  properly  poised,  constitutes  the  mariner^ 8  compass. 

If  a  sheet  of  paper  be  laid  over  a  magnetized  steel  bar,  and 
iron  filings  be  evenly  sifted  upon  the  paper,  it  will  be  found,  on 
gently  tapping  the  paper,  that  the  particles  of  iron  accumulate  in' 
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two  groups,  one  around  each  extremity  of  the  bar  as  a  centre,  and 
that  from  these  points  tlie   filings  arrange  themselves  in  curved 
lines,   somewhat   resembling   those 
shown   in  fig.  15^,  extending  from  j-jq,  jg^^ 

one  end  of  the  bar  to  the  other. 
This  experiment  shows  that  the  at- 
tractive forces  are  concentrated  near 
the  two  extremities  of  such  a  bar. 
A  soft  iron  wire  freely  suspended  at 
its  centre  in  a  horizontal  direction, 
will    be    attracted    indifferently    at 

both  ends  by  either  end  of  tbc  magnetic  bar ;  but  if  a  second 
magnetic  bar  be  poised  in  the  same  way  as  the  iron  wire,  it  will 
be  found  that  one  end  of  this  bar  will  be  attracted  when  the 
magnet  is  brought  near  it  in  one  direction,  whilst  the  same  end 
will  be  repelled  if  the  opposite  end  of  the  magnet  be  presented  to 
it.  Further  examination  shows,  that  this  repulsion  takes  place 
when  the  ends  presented  to  each  other  are  those  which  would 
naturally  point  in  the  same  direction ;  two  north  ends  repel  each 
other,  and  similar  repulsion  ensues  when  two  south  ends  are  pre- 
sented to  each  other ;  whereas,  if  the  extremities  presented  natu- 
rally  point  in  opposite  directions,  attraction  ensues  between  them ; 
the  north  end  of  one  bar  attracts  the  south  end  of  the  other. 
Thus  it  appears  that  there  are  two  kinds  of  magnetism,  endowed 
with  qualities  analogous,  but  opposite,  to  each  other.  The  two 
magnetic  forces  are  always  developed  simultaneously,  are  always 
equal  in  amount,  but  are  opposite  in  their  tendencies ;  and  thus  are 
capable  of  exactly  neutralizing  each  other.  They  accumulate  at 
opposite  ends  of  the  bar.  These  euds  are  termed  thepoles  of  the 
magnet.  Forces  which  exhibit  this  combination  of  two  equal 
powers  which  act  iu  opposite  du-ectious,  are  termed  polar  forces. 

(216)  Magnetic  Indaction. — Magnetism  acts  through  consider- 
able intervals  of  non-magnetic  matter  upon  bodies  such  £b  iron, 
which  arc  susceptible  of  magnetism,  and  it  produces  a  temporary 
development  of  magnetism  in  such  magnetizable  substances.  A 
piece  of  soft  iron  brought  near  to  a  magnet  immediately  assumes 
the  magnetic  state.  This  influence  of  the  magnet  operating  at  a 
distance  is  termed  magnetic  induction,  and  it  is  in  consequence  of 
this  action  that  the  iron  is  attracted.  If  the  north  end,  n,  of  a 
magnet,  l  (fig.  154),  be  presented  to  a  piece  of  soft  iron,  the  latter 
becomes  a  magnet  with  its  poles  similarly  arranged ;  that  is  to 
say,  the  soft  iron  acquires  in  the  extremity,  s,  presented  to  the 
permanent  magnet,  magnetism  of  the  opposite  kind  to  that  of  the 
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of  iron,  #  %  #  ■,  aad  dwy  in  mm  vill  act  iqxMi 
oilicri  br  a  oondniiatkMi  of  tkr  indncsro  fiance.  On 
jeradnaDr  i quoting  the  pamanaif  iBag:iiety  the 
ttkxtm  dhniniA  a*  thr  distance  increaaa,  and  at 
lengtli  dnappear  ahogethcr.     Tliii  dimumtkNi  in 
the  effect  takes  place  moch  nMvc  lapidlr  than  in 
the  fatio  of  the  ajoareft  of  the  distance  from  the 
magnetic  pole,  but  the  eiact  law  has  not   as  yet 
been  ascertained.    The  polar  character  of  magnetic 
induction  mar  be  seen  br  suspending  two  pieces 
of  soft  iron  wire  orer  one  of  the  poles  of  a  magnet 
9,  ^fig.  155) ;  the  lower  ends  of  the  wires,  m  a,  repd  eadi  other, 
but  are  hfjth  drawn  towards  the  magnet,  and  the  npper  extremi- 
ties, s,  s,  also  repel  each  other.    It  is  tlus  mutual  repnl- 
ri0,  i(^.  i^j^^Q  ^  ^|j^  corresponding  ends  of  the  pieces  of  iron 

which  causes  the  iron  filings  (fig.  153)  to  distribute 
themselres  in  cunres  around  the  magnet ;  tar  in  this 
experiment  each  particle  of  iron  becomes  finr  the  time  a 
magnet  with  opposite  poles.  It  is  likewise  in  conae- 
qucDce  of  this  polarity  that  a  number  of  pieces  of  fine 
iron  wire  under  induction  form  a  continuous  chain.  A 
bar  of  soft  iron  placed  on  a  magnet  of  equal  dimensions 

!-    neutralizes  its  action  for  the  time;  by  connecting  the 
^       two  extremities  of  the  magnet,  it  diverts  the  induction 
from  surrounding  bodies,  and  concentrates  it  upon  itself. 
On  the  other  hand,  the  induction  is  much  strengthened 
if  the   magnetic  circle  be  completed,  as  in  fig.  156,  by  uniting 
the  pieces  of  iron  suspended  from  either  pole  by  the  connecting 

piece,  a  b.  This  induction  is  maintained  across 
the  greater  nimiber  of  bodies,  such  as  atmo- 
spheric air,  glass,  wood,  and  the  metals.  It  is, 
however,  modified  by  the  interposition  of  iron, 
cobalt,  and  nickel,  which  are  themselves  power- 
fully susceptible  of  magnetism. 

Magnetic  induction  difiPers  essentially  firom 
electric  induction  (228)  in  this  particular — ^vix., 
that  it  is  not  possible  to  insulate  either  kind  of 
magnetism  firom  the  other.  For  instance,  if  one 
end  of  the  two  united  pieces  of  iron,  8  n,  s  n 
C^S*  156)^  exhibit  the  properties  of  a  north  mag- 
n  netic  pole^  the  other  end  will  exhibit  those  of  a 
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south  magnetic  pole ;  but  if  the  two  pieces  of  iron,  whikt  still  under 

the  influence  of  induction,  be  separated  from  each  other,  and  then 

the  magnet  be  withdrawn,  both  pieces  of  iron  will  have  lost  their 

magnetism.     Again,  if  a  magnet  be  broken  in  the  middle,  it  will 

not  be  separated  into  one  piece  with  a  north  and  another  with  a 

south   pole;    each    fragment 

will  still  possess  twD    poles,  Pio,  15^. 

turned  in  the  same  direction  g  n     s  i<f     s  J7 

as  those  of  the  original  bar  1  — ^    ^  1    ^  11 

(fig.  i57);  and  each  fragment 

may  again  be  subdivided  into  an  indefinite  number  of  smaller 

fragments,  each  of  which  will  still  possess  a  north  and  a  south 

pole. 

These  phenomena  may  be  explained  by  supposing  that  a  mag- 
net consists  of  a  collection  of  particles,  each  of  which  is  magnetic 
and  endued  with  both  kinds  of  magnetism.  In  the  unmagnetized 
condition  of  the  bar,  these  forces  are  mutually  combined,  and 
exactly  neutralize  each  other :  but  when  the  mass  becomes  mag- 
netized, the  two  forces  are  separated  from  each  other,  though 
without  quitting  the  particle  with  which  they  were  originally 
associated.  The  two  halves  of  each  particle  assume  an  opposite 
magnetic  condition.  All  the  north  poles  are  disposed  in  one 
direction ;  whilst  all  the  south  poles  are  disposed  in  the  opposite 
direction.  Each  particle  thus  acquires  a  polar  condition,  and 
adds  its  inductive  force  to  that  of  all  the  others :  as  a  necessary 
consequence  of  such  an  arrangement,  the  opposite  powers  become 
accumulated  at  the  opposite  extremi- 
ties of  the  bar.  If  in  fig.  158  the  Fig.  158. 
small  circles  be  taken  to  represent  [jnf)f)f)f)f)C)i)g)#\f) 
the  ultimate  magnetic  particles,  the  S 
portions  in  shadow  would  indicate 
the  distribution  of  south  magnetism, 

whilst  the  unshaded  half  of  the  particles  would  show  the  distribti- 
tion  of  magnetism  of  the  opposite  kind.  This  hypothesis  is  supported 
by  the  fact  that  a  magnet  whilst  producing  induction  loses  none  of  its 
force,  but  on  the  contrary  suffers  temporary  increase  of  power  owing 
to  the  reaction  of  the  induced  magnetism  of  the  soft  iron  upon  it. 

(217)  Preparation  of  Magnets. — Pure  soft  iron  loses  its  mag- 
netism as  soon  as  it  is  withdrawn  from  the  inductive  influence ;  but 
the  presence  of  certain  foreign  bodies  in  combination  with  the  iron, 
particularly  of  oxygen,  as  in  the  natural  loadstone,  and  of  carbon^ 
as  in  steel,  enables  the  body  to  retain  the  magnetic  power  perma- 
nently.    Hardened  steel  is  always  the  material  employed  in  the 
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preforatir/n  of  pennanent  magnets :  it  is  not  soscepdUe  cf  so  in- 
ttwte  a  decree  of  magnetization  as  soft  iron,  bat  vhen  indaetion 
lias  once  been  prodnced  within  it,  the  effect  is  Tetained  for  an  in- 
definite length  of  time.  The  derelc^iment  <^  this  power  in  sted 
is  mnch  facilitated  by  friction ;  and  the  amoont  <^  force  developed 
bjr  this  means  is  greatly  dependent  npon  the  direction  in  which 
the  friction  is  performed*  A  simple  method  of  magnetizing  a  bar 
consists  in  placing  the  bar  on  its  side  and  bringing  down  upon 
i»ne  of  its  extremities  either  of  the  ends  of  a  bar  magnet.  If  the 
north  end  be  brought  down  on  the  steel  bar,  it  must  be  drawn 
slowly  along  towards  that  extremity  of  the  bar  which  it  is  intended 
shall  pijAscfts  south  magnetic  force:  this  operation  must  be  re- 
peated tliree   or  four  times    in  the    same    direction.     A    more 

effectual  plan  is  to  bring  down  upon  the  centre 
Fig.  159.  of  the  bar  the  two  ends  of  a  powerful  horse- 

shoe magnet,  as  represented  in  fig.  159 ;  the 
south  pole  being  directed  towards  the  end  of 
the  bar  that  is  intended  to  possess  the  northern 
polarity,  and  vice  versd.  It  is  then  moved 
along  the  surfSsu^e  from  the  centre,  alternately 
towards  either  extremity,  taking  care  not  to  carry  the  horse- 
shoe  beyond  the  extremities  of  the  bar,  and  to  withdraw  the 
horseshoe  from  the  bar  when  at  its  centre  c.  The  bar  is  then 
turned  over  and  the  process  repeated  on  the  opposite  side,  but  in 
.the  same  direction,  for  an  equal  number  of  times.  When  two 
bars  are  to  be  magnetized,  they  may  be  placed  parallel  to  each 
other,  the  extremities  being  connected  by  pieces  of  soft  iron. 
Both  the  poles  of  the  horseshoe  are  brought  down  upon  the  centre 
of  one  of  the  steel  bars,  and  it  is  carried  round  the  parallelogram 
always  in  the  same  direction,  taking  care,  as  before,  to  withdraw 
it  when  over  the  centre  of  one  of  the  bars.  In  the  last  arrange- 
ment, the  induction  of  one  bar  acts  upon  and  exalts  the  intensity 
of  the  magnetism  excited  in  the  other.  For  this  reason,  the 
opposite  i)oles  of  magnets,  when  not  in  use,  should  be  connected 
by  pieces  of  soft  iron,  so  that  the  continued  induction  shall  main- 
tain the  force  of  each. 

In  the  act  of  magnetization,  the  horseshoe  loses  nothing  of 
its  power ;  but  the  north  and  south  magnetism,  which  are  sup- 
posed to  exist  in  every  particle  of  steel  and  iron,  and  which  in  the 
unmagnctized  condition  are  so  combined  as  exactly  to  neutralize 
each  other,  appear  from  the  effect  of  the  induction  to  which  they 
have  been  subjected,  to  be  permanently  disturbed  in  their  equili- 
brium in  the  newly-magnetized  bars.     The  more  intense  the  power 
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of  tlic  horseshoe,  the  greater  is  this  disturbance,  and  the  more 
powerful  are  the  magnets  which  are  produced. 

By  uniting  together  several  bar  magnets,  taking  care  that  the 
corresponding  poles  of  each  are  in  the  same  direction,  magnetic 
batteries  of  great  power  may  be  obtained.  The  magnets  shoiild 
be  all  as  nearly  as  possible  of  the  same  strength ;  because  if  one 
of  the  bars  be  weaker  than  the  others,  it  materially  diminishes  the 
power  of  the  whole,  and  acts  in  the  same  manner  as  a  bar  of  soft 
iron  would  do,  though  to  a  more  limited  extent.  As  a  matter  of 
convenience,  the  bar  magnet  is  often  bent  into  the  form  of  a 
horseshoe,  so  that  the  inductive  and  attractive  power  of  both 
poles  may  be  simultaneously  exerted  on  the  same  piece  of  iron ; 
the  effect  is  in  this  manner  much  increased,  and  the  weight  sus- 
tained by  the  two  poles  united  is  much  greater  than  the  sum  of 
the  two  weights  which  would  be  supported  by  each  pole  sepa- 
rately. For  this  reason,  the  soft  iron  armatures  n,  s,  of  a  load- 
stone (fig.  154)  add  greatly  to  its  power,  and  by  facilitating  the 
application  of  the  keeper,  or  piece  of  soft  iron  which  connects  the 
two  poles  when  not  in  use,  prevent  the  loss  of  the  magnetic  power. 

(218)  Influence  of  Molecular  Motions  on  Magnetism, — It  has 
been  mentioned  that  the  friction  of  a  steel  bar,  whilst  under  in- 
duction, facilitates  its  magnetization.  The  same  effect  is  occa- 
sioned by  percussion  of  the  bar,  or  by  any  other  mode  of  pro- 
ducing vibration  in  it  whilst  it  is  under  magnetic  induction.  On 
the  other  hand,  if  a  bar  has  been  fully  magnetized,  its  force  is 
reduced  by  the  application  of  a  sudden  blow  ;  even  the  simple  act 
of  scratching  the  surface  with  sand-paper,  or  with  a  file,  may 
seriously  impair  the  power  of  a  good  magnet. 

The  influence  of  heat  on  magnetism  is  remarkable.  If  a 
steel  bar  be  ignited  and  placed  under  induction,  and  whilst  still  in 
this  condition  it  be  suddenly  quenched,  it  will  be  found  to  be 
powerfully  magnetic.  Again,  if  a  steel  magnet  be  ignited,  and 
allowed  to  cool  slowly,  all  its  acquired  magnetism  will  have  dis- 
appeared. Elevation  of  temperature,  therefore,  evidently  favours 
the  transfer  of  magnetic  polarity  within  its  particles.  Further,  if 
the  temperature  of  a  piece  of  iron  be  raised  to  redness  (about 
1000°  F.),  it  will  become  indifferent  to  the  presence  of  a  magnetic 
needle,  though  on  again  cooling  it  will  be  as  active  as  before.  A 
similar  effect  is  produced  upon  cobalt  at  the  temperature  of  melt- 
ing copper.*     Nickel,  at  a  much  lower  temperature,  loses  its  action 


*  Faraday  has,  however,  shown  that  in  the  case  of  cobalt  its  magnetio 
power  increases  as  the  temperature  rises  until  it  reaches  about  300^  beyond 
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f2i9y  JfeasmremeMi  of  MagmtHc  Imiemnt§  tf  m 
Mmplcat  method  of  m§eataimng  the  intemntr  of  tke 
magnet,  ooninata  in  attaching  to  ita  annatme  a 
aicrrtairiing  the  amount  of  vei^t  vhidi  it  will  soppovt ;  but  it  ii 
obriotui  that  this  plan  is  not  sosoeptiUe  of  anr  bi^  dc^^ree  of 
mamntcj  ;  it  is,  moreorer,  in  manr  cases,  quite  JnappBcaHe.  A 
still  eauier,  and  more  generally  useful,  because  br  move  accurate, 
meth/id,  crinsists  in  suspending  the  magnet  boriiontallT  at  its 
centre,  by  means  of  a  few  fibres  of  silk,  and  allowing  it  to  take  a 
fixed  dirfxlion  under  the  influence  of  a  standard  magnet :  it  is 
then  dispUced  from  its  position  of  equilibrium,  and  the  number  of 
oscillations  which  it  describes  in  a  given  time  is  counted.  The 
relative  intensity  of  the  power  of  two  or  more  bars^  which  may 
thus  be  compared,  is  proportionate  to  the  square  of  the  number 
of  vibratiiins  performed  in  equal  inten'als  of  time.  For  estimating 
low  di^ees  of  power,  the  torsion  of  a  glass  thread,  as  employed  in 
Coulomb's  electrometer  (226),  may  be  used.  The  mutual  action  of 
two  magnets  is  inversely  as  the  square  of  the  distance  between  thent. 
(220)  MayneiiMm  of  the  Earth — The  Dip. — ^The  remarkable 
fact  of  tlic  pciinting  of  the  needle  towards  the  north  pole  of  the 
eartli  has  (>ecn  explained  upon  the  hypothesis  that  the  globe  of  the 
earth  itself  is  a  magnet,  the  poles  of  which  are  situated  nearly  in 

the  line  of  the  axis  of  rotation ; 
the  magnetism  of  the  earth's 
north  pole  being  of  the  same 
kind  as  that  of  the  unmarked 
end  of  the  magnet.  If  a  small 
magnetized  needle,  «  n,  be 
freely  suspended  horizontally 
by  a  thread  over  the  equator 
of  a  sphere  (fig.  160)  nine  or 
ten  inches  in  diameter,  passing 
through  the  centre  of  which  a 


Fio.  160. 


which  it  slowly  diminifhes,  and  at  leogth  becomes  nearly  evanescent    (PhiU 
IVam,  1856,  179.J 
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small  magnetic  bar,  n  s,  at  right  angles  to  the  points  of  suspen- 
sion of  the  globe,  is  placed,  the  needle  will,  when  the  magnetic 
bar  is  horizontal,  as  in  No.  i,  assume  a  direction  parallel  to 
the  magnetic  bar,  and  will  point  towards  n  and  s,  preserving  its 
horizontal  position ;  for  it  is  equally  attracted  by  the  north  and 
south  polarities  of  the  bar ;  but  if  one  of  the  ends  of  the  mag- 
netic bar  be  made  gradually  to  approach  the  needle,  as  at  2,  that 
end  of  the  needle  which  previously  pointed  towards  this  pole  will 
begin  to  incline  downwards,  or  to  dip,  until,  when  the  end  s  of 
the  bar  is  exactly  under  the  point  n  of  the  needle,  the  direction  of 
the  needle  will  become  vertical.  On  bringing  the  opposite  end  of 
the  bar  towards  the  needle,  like  residts  may  be  obtained  with 
the  other  end  of  the  needle.  Similar  phenomena  are  also  exhi- 
bited when  a  magnetic  needle,  poised  horizontally  at  the  equator 
of  the  earth,  is  carried  towards  either  of  its  poles.  A  needle, 
therefore,  which  when  unmagnctized  is  so  poised  as  to  assume  a 
horizontal  position,  in  the  latitude  of  London,  appears  to  become 
heavier  at  its  marked  end  by  the  process  of  magnetization.  An 
instrument  by  means  of  which  the  angular  amount  of  this  incUna" 
Hon  can  be  accurately  observed,  is  called  a  dipping-needle. 

(221)  Declination  or  Variation. — In  each  hemisphere  there  is 
a  single  point  at  which  the  dipping-needle  stands  vertically,  i.e., 
where  the  dip  is  90°.  In  the  northern  hemisphere  this  point  is 
situated  in  about  96^  40'  W.  Ion.  and  70°  14'  N.  lat. ;  the  point 
where  it  would  be  vertical  in  the  southern  hemisphere  being 
nearly  in  73°  S.  lat.  and  130®  E.  Ion.  The  line  of  no  dip  does 
not  correspond  to  the  earth's  equator ;  it  forms  an  irregular  curve 
inclined  to  it  at  about  12°,  and  crossing  it  in  four  places.  This 
arises  from  the  fact  that  the  magnetic  system  of  the  earth  is  much 
more  complicated  than  is  represented  in  the  foregoing  paragraph. 
Instead  of  being  single,  it  appears  to  be  double,  as  was  first  pointed 
out  by  Halley,  and  in  neither  of  these  two  systems  does  the  mag- 
netic axis  coincide  with  the  axis  of  rotation  of  the  earth.  Conse- 
quently in  most  places  the  needle  does  not  point  to  the  true  geo- 
graphical north.  At  the  present  time  the  needle  in  London 
points  rather  more  than  21°  west  of  north.  This  deviation  from 
the  true  north  is  termed  the  variation  or  declination  of  the  needle. 

In  the  northern  hemisphere  there  are  four  lines  of  no  declina- 
tion ;  two  of  which  may  be  considered  to  pass  through  the  point 
of  90°  of  dip,  and  two  others  which  do  not  pass  through  this  point. 
These  four  lines  of  no  declination  have  reference  to  a  double 
magnetic  system  of  which  the  two  points  of  maximum  force  in 
the  Northern  hemisphere  are  resultants ;  and  these  points  were 
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called  by  Halley  magnetic  poles.  They  do  not  correspond  to 
either  of  the  points  of  90°  of  dip,  which  have  also  been  called 
magnetic  poles. 

It  is  remarkable  that  the  declination  of  the  magnetic  needle  is 
not  constant  at  the  same  spot.  In  the  year  1657,  the  needle 
pointed  due  north  at  London.  It  then  gradually  assumed  a  decli- 
nation to  the  west,  which  continued  to  increase  until  about  the 
year  1840,  at  which  time  the  variation  to  the  west,  in  London,  was 
nearly  25°;  since  this  period  it  has  been  gradually  returning 
towards  the  east,  and  in  May,  1 863,  it  was  2 1°  25'  W.  at  Kew.  The 
rate  of  its  motion  differs  in  different  parts  of  its  progress,  becom- 
ing slower  as  it  approaches  the  point  of  retrogression ;  at  present 
it  is  about  6'  annually.  Independently  of  these  gradual  and  pro- 
gressive changes,  the  variation  is  subject  to  diurnal  movements  of 
very  small  amount :  north  of  the  magnetic  equator  in  England 
and  the  middle  latitudes  the  north  end  of  the  needle  moves  slowly 
eastward  in  the  forenoon,  attaining  its  maximum  between  the 
hours  of  seven  and  ten  a.m.,  and  returns  to  its  mean  position  at 
about  ten  in  the  evening.  Connected  with  these  alterations  are 
corresponding  variations  in  the  dip,  which  during  the  last  fifty 
years  has  been  observed  in  London  to  diminish  annually  about 
2''6.  From  observations  made  at  the  Kew  Observatory,  the  dip  in 
May,  1863,  was  68°  15'. 

(222)  Variation  in  the  Intensity  of  the  Earth's  Magnetism, — 
The  intensity  of  the  earth's  magnetism  is  also  found  to  vary  at 
different  points  of  the  surface,  but  the  law  of  its  increase  has  not 
been  clearly  determined :  the  line  of  minimum  intensity,  or  mag^ 
netic  equator,  as  it  is  sometimes  called,  is  in  the  vicinity  of  the 
geographical  equator,  but  does  not  coincide  either  with  this  or  with 
the  line  of  no  dip  :  it  forms  an  irregular  curve  cutting  both  of  these 
lines.  The  points  of  greatest  intensity,  moreover,  do  not  coincide 
with  those  at  which  the  dipping-needle  is  vertical.  The  highest 
degree  of  intensity  that  has  been  actually  measured  is  2*052,  the 
lowest  0706.*  Both  the  maximum  and  minimum  here  men- 
tioned are  in  the  southern  hemisphere.  If  it  be  supposed  that  the 
globe  be  divided  by  a  plane  passing  through  the  meridians  of  100*^ 
and  260°,  the  western  hemisphere,  comprising  America  and  the 
Pacific  Ocean,  presents  a  higher  intensity  than  the  eastern;  but  the 

*  The  unit  of  intensity  used  in  the  text  is  that  proposed  by  Humboldt, 
derived  from  the  value  of  a  particular  magnet  which  he  employed ;  but  in  the 
later  magnetic  observations  the  unit  of  intensity  employed  has  been  that 
recommended  by  the  Boval  Society,  vi«. :  a  second  of  time,  a  foot  of  space, 
and  a  grain  of  mast.  The  magnetic  intensity  upon  this  scale  at  London  ia  at 
present  10*31. 
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charge  of  the  northern  and  of  the  southern  hemisphere  is  equal. 
In  tlic  northern  hemisphere  there  are  two  points  of  maximum 
intensity,  the  most  powerful  being  in  North  America,  and  deter- 
mined by  Lefroy,  in  1843-44,  to  be  situated  in  52°  19'  N.  lat. 
92°  W.  Ion.,  the  intensity  being  i'88.  The  weaker  maximum 
was  found  by  Hansteen  in  1828-29  in  Siberia,  in  120^  E.  Ion. 
^Wth  an  intensity  of  176.  Sir  James  Ross,  in  1840-43,  found  the 
principal  maximum  in  the  southern  hemisphere  in  about  the 
meridian  of  134°  E.  and  a  few  degrees  North  of  the  Antarctic  circle, 
whilst  the  weaker  maximum  in  the  southern  hemisphere,  according 
to  Sabine,  is  about  130°  W.  The  intensity  of  the  magnetic  force 
at  London  is  now  1*3 7 2. 

The  intensity  of  the  earth's  magnetism,  like  the  variation  and 
the  dip,  is  found  to  suffer  periodical  changes.  Besides  these 
regular  variations  of  the  magnetism  of  the  earth,  other  irregular 
variations  have  been  observed.  These  have  been  termed  magnetic 
storms ;  they  are  indicated  by  sudden  and  considerable  distur- 
bances of  the  magnetic  instruments,  of  short  duration,  which  are 
produced  by  some  widely  acting  causes,  as  these  disturbances  have 
been  noticed  simultaneously  at  very  distant  parts  of  the  earth's 
surface.  In  extreme  cases,  the  diminution  of  the  magnetic  inten- 
sity during  the  '  storms'  has  amounted  to  a  large  proportion  of  its 
total  force.  Sabine  considers  that  these  magnetic  storms  are  con- 
nected with  changes*  in  the  solar  atmosphere,  which  are  indicated 
by  variations  in  the  number  and  form  of  the  spots  upon  the  sun's 
disk ;  their  epochs  of  maximum  recurring  at  decennial  intervals, 
with  epochs  of  minimum  intensity  occurring  midway  between  each 
maximum.  These  intervals  coincide  with  the  decennial  epochs  of 
maximum  and  minimum  of  the  solar  spots  observed  by  Schwabe.* 

Since,  then,  the  earth  may  be  looked  upon  as  an  immense 
magnet  of  small  intensity,  it  is  natural  to  expect  that,  under 
favourable  circumstances,  magnetic  induction  should  arise  from 
its  influence.  Such  effects  are  indeed  continually  observed.  If  a  soft 
iron  bar  be  placed  in  the  line  of  the  dip,  it  acquires  temporary 
magnetic  properties,  the  lower  extremity  acting  as  the  marked  pole 
of  a  magnet  upon  a  magnetized  needle,  while  the  upper  extremity 
acts  as  the  unmarked  pole.  By  reversing  the  position  of  the  bar, 
the  end  which  is  now  the  lower  will  still  possess  the  magnetism  of 


*  A  singular  corroboration  of  this  theory  is  afforded  by  an  observation  of 
Mr.  Carrington,  who  was  watching  a  large  spot  on  the  sun  on  ist  September, 
1850 :  suddenly,  at  ii^*  20'  a.m.,  a  brijjht  spot  was  seen  in  the  middle  of  the 
dark  one ;  this  appearance  lasted  for  about  ten  minutes,  and  a  corresponding 
disturbance  in  time  and  duration  was  indicated  by  the  self-registering  mag- 
netometers at  Kew. 


^l/f3mM,^M!Stj ,  li^msA  vtaUr^  wa^gwnr       It 
^/rvra^  ik^m^  tkt  hsfmt  of  a^ck,  m  ffcr 
tiMl;  kMlm/Mm:,  tLjft  it*  frjbritr  v  to  be 

If  a  m^  hour  be  UMJeto  vibrate  wfaik  pbeed  in  tfcr  fine  of  tbe 
4if^  m  iff  i/ir%t^  it  a  nuit  Uov,  it  m  ma^artiied  icill  ■«■«  power- 
UXkjf  Z0i4th'm  effwt  nuif  bestiD  fbrtber  increand  bw- tbe  indacCiTe 
inMm^id^.  f4  ^Aher  mtmcu  of  inm  pbeed  in  contact  with  it.  Tlras 
Iff  MiUfwitif;  »  «t««ri  bar,  soppoited  in  the  line  of  the  dip,  to  rest 
upfft$  an  auitil,  a#id  striking  it  stionghr  with  a  hammer,  it  becomes 
At!t^AiA\y  maL^tedzeiL  All  permanent  magnetism  may,  however, 
aipiifi  hft*.  rt^iUfved  ffom  it  }jj  placing  it  across  the  line  q£  dip,  and 
0trikU$K  it  two  or  three  blows  as  befinre. 

Ifori^  riu;kel,  and  cobalt  are  the  only  substances  which  are 
pipWiirfuWy  muf^fietizsihle ;  but  a  susceptibility  to  magnetism  in  a 
mtu:h  fi'A*})Utr  (Utf^n^  has,  by  the  researches  of  Faraday  and  others 
(^2^),  \H*Atti  \tr(fVi;d  to  exist  in  a  variety  of  other  bodies.  Before 
ili9M;ribiiif(  tlic  roethrxl  in  which  these  experiments  were  con- 
AiutUul,  it  will  \)e  necessary  to  examine  the  leading  phenomena  of 
t$Uu:irmiy ;  and  these  will  now  be  considered. 

§  II.  Static  Electricity. 

(223)  Tlio  force  of  electricity  i?  one  of  those  subtle  and  all- 
|KirviulinK  infliKaioc^s  which  arc  intimately  connected  with  the 
o|M^raiioiiM  of  chemical  attraction.  Indeed  some  of  our  most  eminent 
philoNopherH  have  Ix^cn  diH{)OBcd  to  regard  electricity  and  chemical 
uttriuMion  in  tho  lip^ht  of  difTercnt  manifestations  of  the  same  agent. 

Kor  upwiirdH  of  2600  years  it  has  been  known  that  when 
ainhrr  in  rul)l)(ul  uiM)n  bodies  such  as  fur,  or  wool,  or  silk,  it 
U(H|uir(*ii  for  a  short  time  the  property  first  of  attracting  light 
ol)jr(^tM,  MiK^h  as  fragments  of  pai)cr  or  particles  of  bran,  and  after- 
wardM  of  repelling  thoni.  ITntil  about  260  years  ago,  amber  was 
the  only  known  substance  by  which  such  effects  were  produced. 
Alniut  that  tinu^  Oilbort  discovered  that  a  number  of  other  bodies, 
vk\w\\  as  glass,  sealing- wjix,  and  sulphur,  might  be  made  to  excite 
Niuular  uu)tit»ns.  The  powtu*  thus  called  into  action  has  been  called 
rievtnciiy,  (wnw  •JXckt^joi*  (wnbcr),  the  body  in  which  it  was  first 
oluiorvtHL  Indopondontly  of  its  origin  in  fi-ietion,  it  has  been 
fimud  that  oUvtrioitv  is  libemted  by  chemical  action,  by  certain 
vital  i>|H^n^tiiUvs,  by  heat,  by  magnetism,  by  compression,  and  in 
tWt  by  aluuvit  evory  motion  that  occurs  upon  the  &ce  of  the  globe. 
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Fig.  i6i. 


Electricity  neither  increases  nor  diminishes  the  weight  of  bodies 
under  its  influence,  and  neither  enlarges  nor  reduces  their  bulk. 
It  may  be  excited  in  all  substances^  may  be  communicated  from 
one  electrified  or  excited  body  to  another  previously  in  a  neutral 
or  unelectrified  condition^  and  it  may  be  stored  up  for  the  pur- 
poses of  experiment. 

(224)  Two  kinds  of  Electricity. — ^A  very  simple  contrivance 
will  sufiBce  for  examining  the  fundamental  phenomena  of  electricity 
as  developed  by  friction  : — 

Soften  a  little  sealing-wax  in  the  flame  of  a  candle,  and  draw 
it  out  into  a  thread  8  or  10  inches  long,  and  of  the  thickness  of  a 
stout  knitting-pin.  Attach  to  one  end  of  it  a  disk  of  paper  about 
an  inch  square,  as  represented  in  flg. 
16 1 ;  suspend  this  rod  and  disk  by 
means  of  a  paper  stirrup  and  a  few 
fibres  of  unspun  silk  from  a  glass  rod 
fixed  horizontally  to  some  convenient 
support.  Now  rub  a  stick  of  sealing- 
wax  with  a  bit  of  dry  flannel,  and  bring 
it  near  the  paper  disk :  the  disk  will 
at  first  be  strongly  attracted,  and  will 
then  be  as  strongly  driven  away. 
Whilst  it  is  in  this  condition  of  repul- 
sion by  the  wax,  bring  towards  it  a 
warm  glass  tube  that  has  been  rubbed 
with  a  dry  silk  handkerchief;  the  disk 
will  be  immediately  attracted,  and  in 
an  instant  afterwards  it  will  again  be 
repelled,  but  it  will  now  be  found  to  be  attracted  by  the  wax. 
It  is  therefore  evident,  that  by  the  friction  of  the  glass  and  of 
the  wax,  two  similar  but  opposite  powers  are  developed.  A  body 
which  has  been  electrified  or  charged  with  electricity  from  the  wax 
is  repelled  by  the  wax ;  but  it  is  attracted  by  the  excited  glass, 
and  vice  versd.  In  order  to  distinguish  these  two  opposite  powers 
from  each  other,  that  power  which  is  obtained  from  the  glass  has 
been  termed  vitreous  or  positive  electricity :  that  from  the  wax 
resinous  or  negative  electricity. 

Let  us  suppose  that  the  paper  disk  has  been  charged  by  means 
of  the  glass  tube,  so  that  it  is  repelled  on  attempting  to  bring  the 
glass  near  it ;  this  state  will  be  retained  by  the  disk  for  many 
minutes.  This  contrivance  forms,  in  fact,  an  electroscope,  for  it 
ftimishes  a  means  of  ascertaining  whether  a  body  be  electrified  or 
not,  and  even  of  indicating  the  kind  of  electricity.     Suppose  that 
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a  body  suspected  to  be  electrified  is  brought  near  the  disk^  which 
is  in  a  state  repulsive  of  the  glass  tube ;  if  repulsion  occur 
between  the  disk  and  the  body  which  is  being  tested  for  electricity, 
it  is  at  once  obvious  that  the  substance  is  electrified;  and  more- 
over, that  it  is  vitreously  electrified,  since  it  produces  an  effect 
similar  to  that  which  would  be  exhibited  by  an  excited  glass  tube, 
-p      ^^  The  phenomena  of  attraction  and  repulsion  may  be 

further  exemplified  by  the  following  experiments : — Sus- 
pend two  straws,  separately,  by  a  fibre  of  silk,  each  to 
a  glass  rod  (fig.  162) ;  bring  an  excited  stick  of  sealing- 
wax  towards  each ;  each  will  be  first  attracted  and  then  . 
repelled :  whilst  thus  repulsive  to  the  wax,  bring  the  one 
near  to  the  other ;  they  will  recede  from  each  other  as 
they  did  from  the  wax.  If  both  straws  be  excited  by 
glass,  they  will  in  like  manner  repel  each  other ;  but  if 
one  be  excited  by  the  glass  and  the  other  by  the  wax 
they  will  attract  each  other.  Hence  we  learn,  that 
bodies  similarly  electrified  repel,  those  differently  electrified  attract 
each  other. 

Proceeding  a  step  ftirther,  it  will  be  found  that  whenever  two 
bodies  are  rubbed  together,  both  kinds  of  electricity  are  liberated, 
but  so  long  as  the  two  bodies  remain  in  contact,  no  sign  of  the 
presence  of  either  electricity  appears;  on  separating  them,  both 
are  found  to  be  electrified — one  vitreously,  the  other  resinously  : 
for  example,  stretch  a  piece  of  dry  silk  over  a  brass  plate,  and  rub 
it  upon  a  glass  plate ;  so  long  as  the  two  bodies  are  in  contact, 
the  quantities  of  each  kind  of  electricity  set  free  are  precisely 
sufficient  to  neutralize  each  other,  and  the  combined  plates  will  not 
affect  the  electroscope,  but  as  soon  as  the  glass  plate  and  the  silk 
are  separated,  the  glass  will  repel  the  disk  (fig.  161),  while  the  silk 
will  attract  it. 

(225)  Insulators  and  Conductors, — Bodies  that  have  been  thus 
electrically  excited,  return  to  their  neutral  conditio  a  when  touched 
by  other  substances,  but  with  degrees  of  rapidity  depending  on 
the  kind  of  body  which  touches  them.  A  rod  of  sealing-wax  or 
of  shell-lac,  for  example,  may  be  held  in  contact  with  any  electrified 
body  without  sensibly  lessening  the  charge;  but  the  momentary 
touch  of  a  metallic  wire,  or  of  the  hand,  is  sufficient  to  remove  all 
indications  of  electric  excitement :  it  is  therefore  clear  that  there 
are  some  bodies  which,  like  the  wire  or  the  hand,  readily  allow 
the  passage  of  electricity,  and  these  are  termed  conductors ;  whilst 
there  are  others  which,  like  shell-lac,  do  not  easily  allow  its  pas- 
sage,  and  these    are  called  insulators.      There  is^  however^  no 
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absolute  line  of  distinction  between  these  two  classes  of  bodies; 
there  is  no  such  thing  as  either  perfect  insulation,  or  perfect  conduc- 
tion, for  the  two  classes  of  bodies  pass  gradually  one  into  the  other. 
In  the  following  table  each  substance  enumerated  is  superior 
in  insulating  power  to  all  those  which  follow  it.  The  nearer  the 
substance  is  to  the  bottom  of  the  table,  the  better,  on  the  contrary, 
is  its  conducting  power ; — 


Insulators. 
Dry  gases  and  Dry  Steam. 
Shell- Lac. 
Sulphur. 
Amber. 
Resins. 

Crutta  Percha  and  Caoutchouc. 
Diamond,  and  some  other  pre- 
cious stones. 
Silk. 

Dry  Fur. 
Glass. 
Ice. 


Spermaceti. 

Turpentine  and  Volatile  Oils. 

Fixed  Oils. 

String  and  Vegetable  Fibres. 

Moist  Animal  Substances, 

Water. 

Saline  Solutions. 

Flame. 

Melted  Salts. 

Plumbago. 

Charcoal. 

All  the  Metals. 

Conductors, 


Any  object  is  spoken  of  as  being  electrically  insulated  when  it 
is  supported  by  means  of  some  badly-conducting  substance  which 
prevents  the  free  escape  of  the  electricity.  The  presence  of  mois- 
ture deposited  from  the  air  upon  the  surface  even  of  the  best  insu- 
lator converts  it  for  the  time  into  a  conductor,  and  is  one  of  the 
most  annoying  impediments  to  the  success  of  electrical  experi- 
ments, as  the  power  is  carried  off  as  fast  as  it  is  accumulated. 
Glass  is  especially  liable  to  this  inconvenience,  but  by  varnishing 
it  when  practicable,  and  keeping  it  thoroughly  warm,  the  difi&culty 
is  diminished.  By  due  precautions,  instnmients  may  be  constructed 
which,  in  dry  air,  will  preserve  a  charge  for  several  hours. 

The  most  perfect  insulators  still  allow  electric  power  to  tra- 
verse them,  although  by  a  process  different  from  conduction,  and 
hence  they  are  termed  Dielectrics  (230).  Thus,  if  one  side  of  a 
plate  of  glass  be  electrified  by  rubbing  it  with  a  piece  of  silk,  the 
opposite  face  also  acquires  the  power  of  attracting  particles  of  braa 
or  other  light  objects. 

(226)  Electroscopes. — Various  instruments  have  been  devised 
for  detecting  feeble  charges  of  electricity.  One  of  the  most  con- 
venient of  these  is  the  gold-leaf  electroscope  (fig.  163),  which  is 
sensible  to  extremely  small  charges.  It  consists  of  a  pair  of  gold 
leaves  suspended  from  the  lower  extremity  of  a  metallic  wire  which 
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termiaatea  above  in  a  brass  plate.  The  wire  ts 
insulated  by  passing  it  througb  a  varnbhcd  glass 
tube  packed  with  silk,  and  the  whole  is  sur- 
rounded and  supported  by  a  glass  case.  The 
approach  of  an  excited  body  iuBtantly  causes  the 
divergence  of  the  leaves.  If  a  glass  tube  be 
rubbed  with  a  dry  handkerchief  and  touched 
with  a  small  disk  of  paper  insulated  by  attaching 
.  it  to  a  rod  of  sealing-wax,  as  directed  in  pre- 
paring the  electroscope  (fig.  161},  a  small  vitreous 
charge  will  be  received  by  the  paper,  and  if  car- 
ried by  it  to  the  cap  of  the  electroscope,  the  leaves  will  diverge 
permanently  with  vitreous  electricity.  The  approach  of  the  glass 
rod  wotdd  cause  the  leaves  to  diverge  further,  whilst  that  of  a  stick 
of  excited  wax  would  cause  them  to  collapse. 

An  instrument  {fig.  164}  called  a  tor- 
sion electrometer  was  devised  by  Coulomb 
for  accurately  measuring  minute  differ- 
ences in  the  amount  of  electrical  force. 
The  force  which  he  opposed  to  that  of 
electricity  was  the  resistance  to  twisting 
which  is  offered  by  an  elastic  thread.  A 
fibre  of  Bilk,  a  fine  silver  wire,  or  a  thread 
of  glass,  has  been  used  for  the  purpose 
of  measuring  the  angle  of  torsion,  this 
angle  in  perfectly  elastic  bodies  being  ex- 
actly proportioned  to  the  force  applied. 

By  means  of  a  long  glass  thread, 
&stened  above  to  a  pin,  p  (carrying  an 
index  which  traverses  the  graduated  plate 
b),  a  needle  of  shell-lac  is  suspended 
fireely  in  the  glass  case  a.  This  needle  is 
.terminated  at  one  end  by  a  gilt  ball,  b,  at  the  other  by  a  pajier 
disk  which  serves  to  check  its  oscillations.  In  the  glass  cover 
of  the  instrument  is  a  small  aperture  through  which  another  gilt 
ball,  a  (the  carrier),  also  suspended  by  shell-lae,  can  be  introduced 
^d  withdrawn.  In  order  to  equalize  the  induction,  two  narrow 
strips  of  tinfoil,  c  and  d,  connected  with  the  earth,  and  having  a 
narrow  interval  between  them,  are  pasted  upon  the  inside  of  the 
glass  cylinder,  one  a  little  above  and  the  other  a  little  below  the 
level  of  the  balls ;  a  graduated  circle  is  pasted  on  the  glass  for 
reading  off  the  angular  deviation  of  the  needle,  ^lien  the  iustru- 
pient  is  to  be  used,  the  carrier-hall  is  adjusted  so  that  after  it  has 
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been  removed  it  can  with  certainty  be  replaced  in  the  same  posi- 
tion as  at  first ;  the  ball  upon  the  needle  is  adjusted  by  turning 
the  pin  until,  without  any  twist  upon  the  thread,  it  shall  just  touch 
the  carrier,  its  centre  being  at  the  zero  of  the  scale,  and  the  position 
of  the  index  on  the  upper  graduated  plate,  b,  is  noted.  The  carrier- 
ball,  a,  is  nest  made  to  touch  the  object  the  electricity  of  which  is 
to  be  measured  :  it  takes  off  a  quantity  proportioned  to  the  amount 
accumulated  on  the  spot.  The  ball  a  is  immediately  replaced  in 
the  inatruraent ;  it  divides  its  charge  with  the  ball  b  on  the  needle, 
and  repulsion  ensues.  The  thread  which  supports  the  needle  is 
then  twisted  until  the  centre  of  the  ball  b  is,  by  the  force  of  tor- 
sion, brought  back  towards  the  carrier,  a,  to  some  determinate 
angle  (say  30°)  marked  on  the  graduation  of  the  glass  ease  j  sup- 
pose the  number  of  degrees  through  which  it  lias  been  necessary 
to  twist  the  thread  to  be  160°;  i6o°  +  30°,or  igo^jwill  represent  the 
repulsive  force.  To  compare  this  amount  with  any  other  quantity, 
the  balls  must  be  dischai^ed,  and  the  experiment  repeated  under 
the  new  conditions,  noting  the  number  of  degrees  of  torsion  re- 
quired to  make  the  needle  stand  at  30°  as  before :  the  amotmt  of 
the  force  is  directly  proiwrtionate  to  the  torsion  angle  in  the  two 
cases.  Suppose  in  a  second  experiment  that  the  thread  sustain 
a  twist  of  180°  before  the  ball  b  is  brought  back  to  the  angle  of 
30°;  the  force  will  now  be  i8o''-h30°,  or  210°,  and  the  relative 
electrical  rcpidsions  in  the  two  experiments  will  be  as  190  :  2LO, 

Another  very  convenient  elec- 
trometer was  devised  by  Peltier,  in 
which  the  directive  force  exerted 
by  the  earth  upon  a  small  magnet 
is  substituted  for  the  torsion  of  a 
wire.  Fig.  165  represents  Pel- 
tier's electroscope :  a  £  is  a  me- 
tallic wire  terminating  above  in 
a  brass  knob,  and  cemented  by 
means  of  shell-lac  into  an  insu- 
lating foot  of  ebonite,  c.  At  b  is 
a  brass  ring,  from  which  pro- 
ceed two  brass  arms,  d,  d.  In 
the  ring  is  supported  a  light  me- 
tallic needle,  e,  which  moves  freely 
upon  a  pin  like  a  compass-needle.  -^^ 
This  metallic  needle  carries  a  "; 
small  magnetized  steel  wire,  m. 
In  order  to  use  the  instrument, 
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it  is  placed  so  that  the  steel  wire^  m,  when  exactly  in  the  ma^etic 
meridian,  is  just  made  to  touch  the  arms,  d,  d.  On  communi- 
eating  a  charge  of  electricity  to  the  ball  a^  it  spreads  over  the  in- 
sulated wire  and  needle  e ;  the  needle  is  immediately  repelled 
by  the  fixed  arms  d,  d,  and  the  amount  of  its  angular  deviation 
gives  the  means  of  estimating  the  force,  which,  however,  is  not 
directly  proportionate  to  the  number  of  degrees  which  represent 
the  angle  of  deviation.  These  values  must  be  ascertained  by 
direct  experiment. 

It  was  long  imagined  that  non-conductors  only  were  capable 
of  excitement  by  firiction,  and  hence  they  were  termed  electrics  / 
all  bodies,  however,  exhibit  this  phenomenon,  if  proper  care  be 
taken  to  insiilate  them.  If,  for  example,  a  piece  of  brass  tube 
insulated  by  a  glass  handle  be  rubbed  upon  fiir,  it  receives  a  charge, 
as  may  be  shown  by  bringing  it  near  the  disk  of  the  electroscope 
(fig.  i6i).  Even  two  dissimilar  metals,  after  being  brought  into 
contact  with  each  other,  may,  with  proper  precautions,  be  made  to 
show  signs  of  electric  excitement  on  being  separated  (257).  The 
friction  of  glass  against  metal  spread  over  silk  is  attended  by  a 
more  powerful  development  of  electricity  than  when  silk  alone  is 
used;  and  an  amalffom  consisting  of  i  part  of  tin,  2  of  zinc,  and  6 
of  mercury,  rubbed  to  fine  powder  and  mixed  with  a  little  lard, 
is  found  to  be  highly  effectual  in  exalting  the  force  which  is  deve- 
loped. The  same  substance,  however,  does  not  always  manifest 
the  same  electrical  condition  when  rubbed :  glass  when  rubbed 
upon  silk  becomes  vitreously  excited ;  but  if  rubbed  on  the  fur  of 
a  cat  it  exhibits  resinous  electricity.  The  amount  of  friction  neces- 
sary to  produce  electric  excitement  is  exceedingly  small ;  the  mere 
drawing  of  a  handkerchief  across  the  top  of  the  electroscope  (fig. 
163),  or  even  across  the  clothes  of  a  person  insulated  by  standing 
on  a  cake  of  resin,  or  on  a  stool  with  glass  legs,  provided  he  touch 
the  cap  of  the  instrument,  is  sufficient  to  cause  divergence  of  the 
leaves.  The  simple  act  of  drawing  off  silk  stockings,  or  a  flannel 
waistcoat,  or  the  combing  of  the  hair  in  fitwty  weather,  fi^uently 
occasions  the  snapping  and  crackling  noise  due  to  the  electric 
spark ;  and  the  stroking  of  the  fur  of  a  cat  at  such  a  season  is 
known  to  produce  similar  effects. 

(227)  Electrical  Hypotheses. — These  various  phenomena  have 
been  accounted  for  by  two  principal  hypotheses. 

One  of  these,  commonly  known  as  the  '  theory  of  one  fluid,' 
is  due  to  Franklin.  Electricity,  upon  this  view,  is  supposed  to  be 
a  subtle  imponderable  fluid,  of  which  all  bodies  possess  a  definite 
share  in  their  natural  or  unexcited  state.   By  friction,  or  otherwise. 
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this  normal  state  is  disturbed.  If  the  body  rubbed  receive  more 
than  its  due  share,  it  acquires  vitreous  electricity,  or,  in  the  terms 
of  Franklin,  becomes  electrified  positively,  or  + ;  whilst  at  the  same 
time  the  quantity  of  electricity  in  the  rubber  which  becomes 
resinously  charged  is  supposed  to  be  diminished,  and  thus  the 
rubber  acquires  a  negative  or  —  state.  Franklin  supposed  the 
particles  of  the  electric  fluid  to  be  highly  self-repulsive,  and  to  be 
powerfiiUy  attractive  of  the  particles  of  matter. 

The  other  hypothesis,  the  '  theory  of  two  fluids,'  was  originally 
proposed  by  Dufay.  According  to  this  view  there  are  two  electric 
fluids,  the  vitreous  and  the  resinous,  equal  in  amount  but  opposite 
in  tendency;  when  associated  together  in  equal  quantity  they 
neutralize  each  other  perfectly :  a  portion  of  this  compound  fluid 
pervades  all  substances  in  their  unexcited  state.  By  friction  the 
compound  fluid  is  decomposed ;  the  rubber  acquires  an  excess  of 
one  fluid,  say  the  resinous,  and  thus  becomes  resinously  excited; 
the  body  rubbed  takes  up  the  corresponding  excess  of  vitreous 
electricity,  and  becomes  excited  vitreously  to  an  equal  extent. 
Upon  this  view  the  particles  of  each  fluid  are  self-repulsive,  but 
powerfully  attract  those  of  the  opposite  kind. 

The  language  of  either  theory  may  be  employed  in  order  to 
distinguish  the  two  kinds  of  electricity :  the  term  vitreous  or  po- 
sitive may  be  used  indifierently  for  one  kind,  and  resinous  or 
negative  for  the  other  kind,  provided  it  be  borne  in  mind  that 
positive  and  negative  are  mere  distinguishing  terms:  negative 
electricity  being  as  real  a  force  as  the  positive. 

It  is  manifest  that  one  or  other  of  these  hypotheses  must  be 
false,  yet  either  wiU  serve  to  connect  the  facts  together.  The 
supposition  of  an  electric  fluid  is,  notwithstanding,  gradually 
being  abandoned.  The  supposition  of  a  gravitative  fluid  might, 
with  nearly  as  much  propriety,  be  insisted  on  to  explain  the  phe- 
nomena of  gravitation,  or  a  cohesive  fluid  to  account  for  those  of 
cohesion. 

Electricity  is  now  regarded  as  a  compound  force,  remarkable 
for  the  peculiar  form  of  action  and  reaction  which  it  exhibits. 
This  kind  of  action  and  reaction  follows  the  same  law  of  equality 
and  opposition  in  its  manifestations  as  that  which  is  exhibited 
more  obviously  in  the  phenomena  of  mechanics.  Whenever 
vitreous  electricity  is  manifested  at  one  point,  a  corresponding 
amount  of  resinous  electricity  is  invariably  developed  in  its 
vicinity,  reacting  against  it,  and  thus  enabling  its  presence  to  be 
recognised,  although  this  reacting  force  may  not  be  immediately 
perceptible. 
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The  phenomena  of  vitreous  and  resinous 
electricity  may  be  rudely  but  not  inaptly  il- 
lustrated by  those  of  elasticity  exhibited  by 
an  ordinary  spring,  as  shown  at  s,  fig.  166. 
The  spring  in  its  unstretched  state  may  re- 
present the  body  in  its  unelectrified  condi- 
tion ;  it  then  displays  nothing  of  the  pecu- 
liar power  that  it  possesses.  The  spring 
cannot  be  stretched  from  one  extremity  only ; 
but  if  fixed  at  one  end,  as  by  hooking  it  to 
the  pin,  p,  a  weight,  w,  may  be  applied  to 
the  other  end,  and  it  will  seem  to  be  stretched 
by  one  force  only.  In  reality,  however,  it  is  not  so ;  for  by  substi- 
tuting at  V  a  weight  equal  in  amount  to  that  at  w,  instead  of  the 
fixed  point,  p,  the  strain  upon  the  spring  remains  unaltered,  but  a 
reaction,  equal  in  amount  to  the  original  action  of  the  weight  w, 
is  instantly  rendered  evident. 

So  it  is  with  electricity ;  cases  not  unfirequently  occur  where 
one  kind  only  of  electricity  seems  to  be  present,  but  a  careful  ex- 
amination will  always  detect  an  equal  amount  of  the  opposite  kind. 
This  essential  character  of  action  and  reaction  in  the  electrical 
force  will  be  more  clearly  manifested  in  the  following  remarks  and 
experiments. 

(228)  Electrical  Induction, — In  the  preceding  cases  the  elec- 
tricity has  been  excited  by  friction  and  communicated  to  other 
bodies  by  contact.  An  insulated  charged  body,  however,  exerts  a 
remarkable  action  upon  other  bodies  in  its  neighbourhood.  Long 
before  contact  occurs,  the  mere  approach  of  an  excited  glass  tube 
towards  the  electroscope  causes  divergence  of  the  leaves,  and  on 
removing  the  glass  tube,  if  it  have  not  been  allowed  to  touch  the 
cap  of  the  instrument,  all  signs  of  disturbance  cease. 

The  following  mode  of  performing  the  experiment  will  afibrd  a 
means  of  examining  this  action  of  an  electrified  substance  upon 
objects  at  a  distance : — 

Pj^^  j^^  Place  two  cylinders  of  wood,  or 
of  metal,  each  supported  on  a  var- 

A**"  "w^  ^       ^ \\^     A       wished  stem  of  glass,  so  as  to  touch 

"  "  each  other  end  to  end  (fig.  167,  1) ; 

^^ — ^    ■^'Ya  —  J,  s  )\^   ^°^   *^®  outer  extremity  of  each 

J^       II  n       TVv^  suspend  a  couple  of  pith  balls  by  a 

cotton  thread,  and  bring  the  excited 
'&  —  4l)  ^  4.  — +  -^  glass  tube  near  one  end  of  the  ar- 
A       II  JL      A  rangement  as  shown  at  z.    Electriq 
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disturbance  will  be  shown  by  the  repulsion  of  both  pairs  of 
balls.  Separate  the  two  cylinders  without  touching  the  con- 
ducting portion,  and  then  remove  the  glass  tube;  the  balls 
will  still  continue  to  diverge  (3).  But  let  the  glass  be  again 
brought  near ;  the  balls  on  the  cylinder  originally  nearest  the  glass 
will  collapse,  showing  this  cylinder  to  be  negatively  excited,  while 
the  same  excited  glass  will  cause  the  balls  on  the  further  cylinder 
to  diverge  fix)m  the  presence  of  positive  electricity.  Again,  re- 
move the  glass  altogether,  and  bring  the  two  cylinders  into  contact; 
a  spark  may  generally  be  seen  to  pass  between  them,  and  both 
pairs  of  balls  will  immediately  collapse  and  continue  at  rest.  The 
entire  amount  of  force  existing  upon  the  two  cylinders  taken 
together  remains  the  same  throughout  the  whole  period  of  the  ex- 
periment, but  its  distribution  is  altered,  as  is  shown  by  the  posi- 
tion of  the  signs -f  and  —  .  The  experiment  maybe  explained  in 
the  following  manner : — Suppose  the  two  cylinders  to  be  in  the 
neutral  state  (No.  1) ;  on  bringing  the  excited  glass  tube  near  to 
them,  a  portion  of  the  negative  electricity  appears  to  be  drawn 
towards  the  end  of  the  cylinder  nearest  to  the  glass,  as  in  No.  2, 
whilst  the  corresponding  quantity  of  disengaged  positive  electricity 
causes  the  balls  on  both  cylinders  to  diverge :  the  moment  the 
glass  is  removed,  the  negative  electricity  redistributes  itself  as  in 
No.  I,  and  the  balls  collapse ;  but  if  the  two  cylinders  be  sepa- 
rated before  the  glass  is  removed,  and  if  the  excited  glass  be  then 
withdrawn,*  the  results  will  be  such  as  are  represented  in  No.  3, 
in  which  the  negative  electricity  on  one  of  the  cylinders  is  more 
than  sufficient  to  neutralize  the  positive,  and  hence  the  balls  di- 
verge negatively ;  while  on  the  other  it  is  less  than  sufficient  for 
the  positive,  consequently  the  balls  diverge  with  positive  electricity. 
On  causing  the  two  cylinders  to  approach  each  other  when  in  this 
state,  the  two  forces  will  neutralize  each  other,  and  if  of  sufficient 
power,  the  reunion  will  be  attended  with  a  slight  spark. 

This  action  at  a  distance  of  one  electrified  body  upon  others  in 
its  neighbourhood  is  termed  electrical  induction.  It  is  a  principle 
of  very  extensive  application,  and  indeed  it  fiirnishes  a  key  to  the 
explanation  of  the  greater  number  of  electrical  phenomena. 

An  instance  of  electrical  induction  is  afforded  in  the  action  of 


*  If  the  glass  tube  be  withdrawn  gradually  to  a  certain  distance,  the  balls 
upon  the  cylinder  nearest  the  tube  will  gradually  collapse,  in  proportion  as 
the  inductive  power  is  weakened  by  distance ;  a  portion  of  the  negative  eleo* 
tricity  being  liberated  in  quantity  sufficient  to  neutralize  the  free  positive 
charge,  and,  on  completely  withdrawing  the  excited  tube,  the  excess  of  nega- 
tive electricity  is  set  free,  and  the  balls  now  diverge  negatively. 
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catuied  to  approach  the  cap  of  the  deetroecopey  the  lemrea  will 
direrfe,  a»  at  2.     Whilst  the  glaas  tabe  is  still  near  the  instmmeiit, 
let  the  cap  of  the  electroscope  be  touched  with  the  hand,  so  as  to 
nniiisulate  it  for  a  moment^  as  at  3,  br  placing  it  in  comnninica- 
tion  with  the  earth  through  the  body^  which  acts  the  part  of  a 
oondnctor ;  the  leaves  will  coUapse^  and  the  instmment  will  seem 
to  be  quiescent ;  now  remove  the  finger  from  the  cap,  and  then, 
take  away  the  glass  tube^  o ;  instantly  the  leaves  diverge,  and  the 
electroscope  is  permanently  chained,  in  consequence  of  a  change  in 
the  distribution  of  the  electricity,  as  represented  at  4.     Its  charge, 
however,  is  not  positive  like  that  of  the  glass,  but  negative ;  for, 
if  the  glass  be  again  brought  near,  the  leaves  will  collapse,  while  a 
stick  of  excited  wax  will  make  them  open  out  further.     These 
effects  arise  from  electrical  induction,  and  the  process  which  takes 
place  is  believed  to  be  the  following.     The  approach  of  the  tube 
in  the  first  instance  causes  the  negative  electricity  to  acciimulate 
in  the  cap,  as  at  2,  where  it  is  retained  by  a  species  of  attraction, 
in  which  condition  it  is  said  to  be  disguised.     The  leaves  there- 
fore diverge  with  a  corresponding  quantity  of  positive  electricity 
thus  set  free ;  things  being  in  this  state,  a  touch  is  sufficient  to 
neutralize  the  excess  of  positive  electricity,  as  seen  in  3,  and  the 
instrument  appears  to  be  quiescent.    Remove  the  glass  tube,  how- 
ever, and  the  negative  electricity,  that  had  been  accumulated  on 
the  surface  of  the  cap,  spreads  over  the  whole  instrument  (though 
in  the  diagram  this  is  only  represented  as  taking  place  upon  the 
leaves),  and  the  leaves  diverge  with  negative  electricity,  as  shown 
at  4. 

In  all  these  cases,  the  excited  body  itself  neither  loses  nor 
gains  electricity  by  the  process  just  described.  The  mode  in 
which  this  transfer  of  force  from  a  distance  is  effected  still  remains 
to  be  considered. 

(329)  Faraday's  Theory  of  Induction. — ^We  owe  to  Faraday  a 
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theory  of  these  effects,  which  has  been  thus  concjsely  summed  up 
by  Snow  Harris  {Rudimentary  Electricity,   first  ed.,  pp.  33,  34). 
Faraday  ^  conceives  electrical  induction  to  depend  on   a  physical 
action  between  contiguous  particles,  which  never  takes  place  at  a 
distance  without  operating  through  the  molecules  of  intervening 
non-conducting  matter.     In   these  intermediate  particles,  a  sepa- 
ration of  the  opposite  electricities  takes  place,  and  they  become 
disposed  in  an  alternate  series  or  succession  of  positive  or  negative 
points  or  poles :  this  he  terms  a  polarization  of  the  particles,  and! 
in  this  way  the  force  is  transferred  to  a  distance.    Thus, 
if  in  fig.  169,  p  represent  a  positively  charged  body,  and  Fig.  169. 
o,  b,  c,  d,  intermediate   particles  of  air,  or  other  non- 
conducting matter,  then  the  action  of  p  is  transferred  to 
a  distant  body,  n,  by  the  separation  and  electrical  polari-  q  q  9 ,» 
zation  of  these  particles,  indicated  by  the  series  of  black  9  q  91 
and  white  hemispheres.    Now,  if  the  particles  can  main-   9  9  Q  o 
tain  this  state,  then  insulation  obtains  j   but  if  the  forces  9  O  Q  ol 
communicate  or  discharge  one  into  the  other,  then  we    £[fi\ 
have  an  equalization  or  combination  of  the  respective  and   ^[^ 
opposite  electricities  throughout   the   whole   series,   in- 
cluding p  and  N.'   .    .    .  '  He  assimies  that  all  particles  of  matter 
are  more  or  less  conductors :    that  in  their  quiescent  state  they 
are  not  arranged  in  a  polarized  form,  but  become  so  by  the  influence 
of  contiguous  and  charged  particles.     They  then  assume  a  forced 
state,  and  tend  to  return,  by  a  powerful  tension,  to  their  original 
normal  position ;  that  being  more  or  less  conductors  the  particles 
charge  either  bodily  or  by  polarity ;  that  contiguous  particles  can 
communicate  their  forces  more   or  less  readily  one  to  the  other. 
When  less  readily,  the  polarized  state  rises  higher,  and  insulation 
is  the  result :  when  more  readily,  conduction  is  the  consequence.' 
.  .  .  .  '  Induction  of  the  ordinary  kind  is  the  action  of  a  charged 
body  upon  insulating  matter,  or  matter  the  particles  of  which 
communicate  the  electrical  forces  to  each  other  in  an  extremely 
minute  degree ;  the  charged  body  producing  in  it  an  equal  amount 
of  the  opposite  force,  and  this  it  does  by  polarizing  the  particles' 
(fig.  169). 

(230)  Distribution  of  Electric  Charge, — Bodies  susceptible  of 
this  polarization  are  termed  dielectrics ;  and  whether  they  be  solid, 
liquid,  or  aeriform,  the  electric  force  is  transmitted  through  them 
freely.  A  pane  of  glass  interposed  between  the  excited  tube  and 
the  cap  of  the  electroscope  will  in  no  sensible  manner  affect  the 
divergence  of  the  leaves,  which  will  occur  as  usual ;  but  the  inter- 
position of  an  uninsulated  sheet  of  tin-plate^  or  Qven  of  a  screen  of. 
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"wire  gauze,  will  effectually  stop  all  sigus  of  electric  excitement  on 
the  leaves. 

Owing,  however,  to  the  molecular  action  by  which  induction 
is  propagated,  Faraday  has  shown  that  it  may,  under  certain  cir- 
cumstances, be  traced  round  the  edges  of  such  a 
screen,  and  it  may  be  continued  cither  in  curved 
or  in  straight  lines.  Let  s  (fig.  1 70)  represent  a 
mass  of  shell-lac  which  has  been  excited  by  finction 
at  its  upper  part  ]  b,  a  brass  plate  resting  on  the 
shell-lac,  but  also  in  conducting  communication 
with  the  ground.  At  a,  a  strong  inductive  action 
is  perceived,  which  is  weaker  at  b,  weaker  still  at  c, 
and  very  trifling  at  rf;  at  c  it  increases,  and  at  /  is  nearly  as  strong 
as  at  by  whilst  at  g  it  again  decreases,  from  the  effect  of  increasing 
distance. 

In  consequence  of  these  inductive  actions,  electricity  when  at 
rest  is  always  distributed  over  the  surface  of  a  charged  object ; 
and  therefore,  for  the  purpose  of  collecting  electricity,  a  hollow 
shell  of  conducting  matter  is  quite  as  effectual  as  a  solid  mass  of 
the  same  size.     Many  striking  experiments  may  be  given  in  proof 

of  this  important  fiu^t.  For  instance,  place 
a  metallic  can,  c  (fig.  171, 1),  upon  a  small 
insulating  stand,  s ;  communicate  a  charge 
to  a  brass  ball,  insulated  by  a  slender 
glass  rod,  and  introduce  this  charged  ball 
into  the  interior  of  the  can,  allowing  it 
to  touch  the  bottom ;  withdraw  the  ball ; 
it  will  be  found  when,  tested  with  the 
electroscope  to  have  given  up  all  its  elec- 
tricity. Touch  the  inside  of  the  can  with 
a  proof  plane  (or  small  disk  of  paper  in- 
sulated by  a  stout  filament  of  shell-lac), 
and  hold  it  towards  the  charged  disk  of  the  electroscope  (fig.  161), 
no  action  will  be  perceived :  bring  the  proof  plane,  however,  into 
contact  with  any  part  of  the  outer  surface  of  the  metallic  can,  and 
an  abundant  charge  will  be  obtained.  No  charge  can  be  sustained 
towards  the  interior,  because  there  is  no  object  within  towards  which 
induction  can  take  place ;  but  the  polarization  of  the  air  on  the 
outside  produces  induction  towards  cJl  surrounding  objects.*     But 


Fig.  171. 


*  Indeed,  a  delicate  electrometer  may  be  enclosed  in  a  shell  of  conducting 
]p:iatter,  w^^g^  be  so  highly  charged  as  to  emit  sparks  in  all  directions^ 
^^      "^  ~  ter  will  remain  wholly  unaffected. 


]p:iatter,  w^^ygay  be 
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now,  whilst  the  exterior  still  remains  charged,  hold  an  unexcited 
brass  ball,  attached  to  a  metallic  wire,  in  the  inside  of  the  cup 
(fig.  1 71,  2),  without,  however,  allowing  it  to  touch  it  j  if  the  in- 
sulated paper  disk,  under  these  circumstances,  be  made  to  touch 
any  part  of  the  inside  of  the  can,  it  will  receive  a  charge :  the  par- 
ticles of  the  air  within  the  can,  may,  under  these  circumstances, 
become  polarized,  because  the  brass  ball  is  in  a  condition  to  become 
oppositely  charged  to  the  can.  If  the  can  be  positive,  the  ball 
becomes  negative,  its  positive  electricity  passing  off  to  the  earth 
by  the  wire. 

A  similar  disturbance  of  electric  equilibrium  wiU  be  found 
whenever  a  charged  body  is  brought  near  other  uninsulated  ones. 
If  an  excited  glass  tube  be  brought  towards  the  wall  of  the  room, 
and  just  opposite  to  the  tube  the  wall  be  touched  with  the  proof- 
plane,  a  small  charge  of  resinous  electricity  will  be  carried  off,  and 
will  be  perceptible  by  the  electroscope. 

By  increasing  the  surface  of  the  conductor  whilst  the  amount 
of  electricity  remains  the  same,  it  is  obvious  that  the  quantity 
upon  each  portion  of  exposed  surface  is  diminished,  and  the  inteU" 
sity  of  the  charge  is  said  to  be  lowered.  Thus,  if  a  metallic  ribbon, 
coiled  up  by  the  action  of  a  spring,  be  attached  to  the  cap  of  an 
electroscope,  and  a  small  charge  be  given  to  it,  a  certain  divergence 
of  the  leaves  will  be  produced ;  on  uncoiling  the  ribbon,  by  means 
of  a  silk  thread  attached  to  it  for  the  purpose,  the  leaves  will  par- 
tially collapse,  because  the  same  amount  of  induction  towards  the 
ceiling  and  floor  of  the  room  is  now  distributed  over  a  larger  sur- 
face ;  but  on  allowing  the  spring  to  exert  its  elasticity,  and  coil  up 
the  ribbon,  the  leaves  will  again  resume  their  original  divergence. 

In  all  cases  of  electric  excitement  the  charge  is  diffused  over 
the  surface  of  the  conductor,  but  the  form  of  that  surface  mate- 
rially influences  the  mode  in  which  the  electricity  is  distributed. 
If  a  charged  sphere  be  suspended  in  the  centre  of  a  room,  the  super- 
ficial distribution  of  the  force  will  be  uniform  on  all  parts  of  its 
surface.  But  if  two  similar  and  equally  excited  spheres  be  sus- 
pended side  by  side,  the  electric  accumulation  will  be  greatest  at 
those  points  of  their  respective  smrfaces  which  lie  at  the  opposite 
extremities  of  a  line  passing  through  the  centre  of  each ;  and,  in  a 
cylinder,  the  force  is  highest  at  the  two  ends. 

This  change  in  the  distribution  of  electricity  over  the  surface, 
which  depends  upon  the  change  of  form,  was  carefully  investigated 
by  Coulomb.  For  this  purpose  he  employed  his  torsion  balance, 
shown  at  fig.  164.  The  carrier-ball,  a,  of  the  instrument  was 
brought  into  contact  with  that  point  of  the  conductor  which  was 
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to  be  examined ;  the  ball  thus  acquired  a  charge  proportional  to 
the  intensity  of  the  electricity  at  that  spot ;  and  the  intensity  was 
measured  in  the  manner  already  described  {226),  by  the  angular 
repulsion  of  the  needle ;  di£ferent  points  of  the  conductor  were 
tiius  examined  in  succession^  and  the  intensity  at  each  point  was 
oompared  with  the  others. 

In  this  way  it  was  found  that  if  two  spheres  of  unequal 
diameters  were  each  originally  electrified  to  the  same  degree  of 
intensity  (that  is^  if  each  sphere  were  so  charged  that  the  quantity 
of  electricity  upon  a  square  inch  of  the  surface  of  each  was  exactly 
equals  when  the  two  were  separate)  on  bringing  the  two  into  con- 
tact, the  greatest  accumulation  still  occurred  at  the  extremities  of 
a  line  joining  the  centres  of  the  spheres,  but  the  accumulation  was 
greater  on  the  small  ball  than  on  the  large  one.  The  experiment 
may  be  carried  still  further :  for  if  a  series  of  spheres  gradually 
diminishing  in  size  be  employed,  till  at  last  they  virtually  end  in 
a  point,  the  accumulation  at  length  becomes  so  great  that  the 
point  is  unable  to  retain  the  charge,  and  dispersion  ensues. 

A  rough  idea  of  this  effect 
3FiG.  172.  may  be  conveyed  by  fig.  172, 

in  which  a,  b,  and  c  represent 
three  independent  spheres  di- 
minishing in  size,  and  which 
in  No.  I  are  supposed  to  be 
charged  with  electricity  of 
equal  intensity,  as  represented 
by  a  shaded  layer  of  equal 
thickness  around  each,  while 
No.  2  represents  the  same 
three  balls  in  contact.  The 
intensity  of  the  charge,  as 
shown  by  the  lines  of  shadow,  is  proportionately  much  greater  on 
the  smallest  ball  than  on  the  largest.  Points  must  therefore  be 
careAilly  avoided  in  the  construction  of  apparatus  for  retaining 
rfectricity.  For  similar  reasons  sharp  or  rough  edges  are  equally 
objectionable. 

(231)  Electrical  Machines. — In  order  to  obtain  large  supplies 
of  electricity,  the  electrical  machine  is  employed.  Two  principal 
forms  of  this  instrument — viz.,  the  cylinder  and  the  plate  machine, 
are  in  general  use. 

^i^^e  cylinder  machine   (fig.  173)  a  hollow  cylinder  of  glassj 

P^^^^hied  on  a  horizontal  axis  turning  by  a   winch  in  two 

^bli  supports,     On  one  side  is  placed  a  leather  cushioui 


Fig.  172. 
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B,  stuffed  with   hair  and  faced  Fio.  i 

with  silk ;  from  its  upper  edge 
proceeds  a  silk  flap,  s,  which 
reaches  nearly  round  the  upper 
half  of  the  cylinder,  n  is  a  brass 
conductor  for  collecting  electri- 
city from  the  rubber.  The 
cushion  is  insulated  by  a  strong  i 
glass  pillar,  a.  To  collect  the 
electricity  from  the  glass,  a  me- 
tallic conductor,  p,  is  mounted 
on  an  insulating  stem  of  glass,  a ; 

this  conductor,  on  the  side  next  the  glass,  is  furnished  with  a  row 
of  points,  which,  from  the  high  degree  of  induction  produced  upon 
them,  act  as  powerfully  in  receiving  as  in  dispersing  a  charge. 
Before  using  the  machine,  a  little  of  the  amalgam  of  zinc  and  tin 
(226)  is  spread  over  the  surface  of  the  cushion.  When  the  whole 
is  made  properly  dry  and  warm,  on  turning  the  handle  a  brisk, 
crackling,  snapping  noise  is  heard,  whilst  flashes  and  sparks  of 
lire  dart  round  the  cylinder  frum  the  edge  of  the  silk  flap.  Sparks 
of  two  or  three  inclics  in  length  may  now  be  drawn  from  theprime 
conductor,  p,  if  the  hand  be  applied  to  the  rubber  when  the  cylinder 
is  turned.  In  order  to  obtain  a  continuous  supply  of  sparks  fi^in 
the  condnetor,  p,  it  is,  however,  absolutely  necessary  to  maintain  a 
conducting  communication  between  the  rubber  and  the  ground. 
If  the  prime  conductor  be  made  to  communicate  with  the  ground 
while  the  rubber  is  insulated,  sparks  may  be  freely  obtained  frt>m 
the  rubber  on  working  the  machine.  The  electricity  from  the 
cylinder  and  conductor,  p,  however,  is  positive,  like  that  from  glass 
generally,  whilst  that  from  the  rubber  is  negative.  If  the  rubber 
and  the  conductor,  while  both  are  insulated,  be  connected  by  a 
metallic  wire,  no  sparks  can  be  obtained  from  either,  however 
vigorously  the  machine  be  worked,  the  negative  electricity  of  the 
rubber  being  exactly  neutralized  by  an  equal  amount  of  positive 
electricity  from  the  cylinder  and  conductor.  The  reason  why  it 
becomes  necessary,  in  working  the  machine  effectively,  to  connect 
either  the  rubber  or  the  conductor,  p,  with  the  earth,  is  thus 
rendered  obvious,  since  otherwise  induction  takea  place  between 
the  liberated  resinous  electricity  on  the  rubber  and  the  positive 
electricity  which  accumulates  on  the  prime  conductor,  and  thus 
prevents  its  free  discharge.  No  sooner,  however,  is  the  negative 
electricity  in  the  rubber  supplied  irom  the  unlimited  stores  of  the 
earth  with  an  equivalent  amount  of  positive  electricity,  through 
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a  chain  suspended  to  it,  or  ttuDugb  the  body  by  placing  the  hand 
on  the  rubber,  than  the  accumulated  positive  electricity  on  the 
conductor,  r,  is  &ee  to  paaa  off  in  sparks  to  such  objects  as  are 
sufficiently  near. 

In  the  Plate  Machine  (fig.  174),  a  flat  plate  of  glass,  g,  is 
mbstitutcd  for  the  cylinder,   c,  in  fig.  173.     The  axis  of  rota- 
j.  tion  passes  through  the 

centre  of  this  plate,  and 
the  rubbers,  a,  r,  are 
placed  on  each  side  of 
the  glass  along  a  por- 
tion of  its  circumfe- 
rence. In  this  form, 
however,  it  is  not  easy 
to  insulate  the  rubbers, 
and  to  obtain  negative 
electricity  separately, 
though  it  supplies  posi- 
tive electricity  in  abun- 
dance, p  is  the  prime 
conductor,  insulated  by 
a  glass  stem. 

(233)  Estentive  Operation  of  Induction. — As  the  principle  of 
induction  already  explained  is  one  which  pervades  the  whole  phe- 
nomena of  electricity,  we  proceed  to  point  out  a  few  more 
examples. 

Every  case  of  attraction  is  preceded  by  induction :  the  opposed 
Buriaces  become  oppositely  electrified  by  polar  action,  after  which 
attraction  ensues.     The   following  elegant 
experiment  by  Snow  Harris  shows  the  steps 
'  of  the  process  clearly: — Attach  to  a  circular 
disk  of  gilt  card,   a,  fig.  175,  about    three 
inches  in  diameter,  one  end  of  a  slip  of  gold 
'  leaf,  and  by  a  rod  of  shell-lac  fasten  the 
disk  to  a  light  strip  of  wood,  balanced  at 
the  other  end  by  a  weight.     Suspend  this 
fii^ely  by   a  thread,  as  represented  in  fig. 
175;  on  bringing  another  similarly  insulated 
charged  gilt  disk,  b,  near  a,  the  gold  leaf 
upon  A  will  diverge,  and  then  attraction  of 
the  disk  will  follow. 
Even  the  phenomena  of  electrical  repulsion  may  be  traced  to 
If  a  pair  of  slips  of  gilt  paper  be  insulated  and  sub- 
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pendcd  side  by  side  as  in  the  electroscope,  they  will  diverge  when 
charged;  whilst  in  this  condition  a  proof -plane  will  detect  no 
electricity  on  their  inner  surfaces,  but  abundance  on  the  outer 
ones:  induction  takes  place  towards  surrounding  objects,  which 
attract  the  leaves,  and  they  separate  from  each  other ;  but  if  any 
conducting  body  in  communication  with  the  earth  be  introduced 
between  the  two  leaves,  induction  now  takes  place  from  the  inner 
surface  of  the  leaves  towards  it,  and  they  instantly  collapse. 
Many  amusing  electrical  experiments  have  been  contrived  upon 
the  principle  of  induction  : — light  figures,  placed  on  a  conducting 
surface  under  an  electrified  plate,  are  made  to  dance  by  alternate 
attractions  and  repulsions.  If  a  number  of  strips  of  paper  be 
supported  in  the  centre  of  a  room,  by  attaching  them  to  a  wire 
which  is  in  connexion  with  the  conductor  of  a  powerful  machine 
in  action,  they  will  rise  up  and  diverge  in  all  directions,  towards 
the  ceiling,  the  walls,  and  the  floor,  under  the  influence  of  induc- 
tion ;  if  a  conducting  point  or  surface  be  brought  near  them,  they 
will  all  bend  over  and  converge  towards  it. 

(233)  Electropfwrus, — The  electrophorus  of  Volta  is  an  inex- 
pensive and  portable  kind  of  electrical  machine  which  derives  its 
name  from  ^Xc/ct/oom,  and  ^opoq  carrying,  in  allusion  to  the 
manner  in  which  the  metallic  cover  carries  electricity :  it  owes  its 
activity  to  the  operation  of  induction,  which  indeed  it  is  well 
calculated  to  exemplify.  The  instrument  (fig.  176) 
consists  of  a  resinous  plate,  r,  12  or  15  inches  in  ^^^'  ^7^* 
diameter,  which  may  be  composed  of  equal  parts 
of  shell-lac,  resin,  and  Venice  turpentine,  melted 
together  and  cast  into  a  circular  cake  of  about  an 
inch  in  thickness.  This  cake  rests  on  a  sheet  of 
tin-plate  or  metal,  t  ;  it  is  furnished  with  a  move- 
able cover  consisting  of  a  somewhat  smaller  circular  metallic 
plate,  M,  to  which  is  attached  an  insulating  handle.  The  resinous 
cake  is  rubbed  with  warm  and  dry  ftir  or  flannel,  and  on  then 
putting  down  the  metallic  cover  by  its  insulating  handle,  a  spark 
of  negative  electricity  may  be  drawn  from  it ;  on  again  raising  it, 
a  spark  still  brighter,  of  positive  electricity,  may  be  obtained.  On 
replacing  the  cover,  another  negative  spark  may  be  drawn,  and  on 
raising  it,  another  positive  one,  and  this  may  be  repeated  for  an 
indefinite  number  of  times. 

The  action  of  the  electrophorus  may  be  thus  explained.  When 
the  cake  is  rubbed,  it  becomes  negatively  electrified  on  its  upper 
surface ;  the  under  surface,  which  is  in  communication  with  the 
earth  through  the  tin-plate,  becomes,  by  induction,  positive  to  a 
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similar  extent,  the  particles  of  tlie  cake  being  thrown  into  a  polar 
condition.     It  thus  polarizes  the  metallic  plate  on  which  it  rests, 
liberating  negative   electricity,  and  this  passes  off  to  the  earth, 
whilst  the  metal  preserves   a  positive  chaise,  which,  being  re- 
tained by  induction,  is  not  perceived  until  the  inductive  action  of 
the  upper  surface  is  directed  to  the  metallic  cover.     If  the  metallic 
cover  be  now  brought  down  upon  the  upper  surface  of  the  cake,  it 
touches  the  resin  on  a  few  points  only,  and  fixmi  the  inferior  con- 
ducting power  of  the  resin  receives  but  little  direct  negative  charge 
from  the  contact ;  instead  of  this,  the  under  surface  of  the  metal 
becomes  positive  by  induction  from  the  resin,  whilst  upon  its 
upper  surface  a  corresponding  amount  of  negative  electricity  is  set 
free  j  this  escapes  in  the  form  of  a  spark,  if  a  conductor  be  pre- 
sented.    On  raising  the  cover  after  the  escape  of  the  negative 
spark,  the  positive  electricity,  which  before  was  attracted  to  tlie 
lower  surface  of  the  metallic  cover  and  held  there  by  induction,  is 
in  excess,  and  it  is  ready  to  escape  as  a  spark  when  a  conductor  is 
presented  near  enough  to  it.     As  the  resin  has  lost  none  of  its 
charge,  the  process  may  be  repeated  for  an  indefinite  number  of 
times.^     If  after  the  resinous  cake  of  the  electrophorus  has  been 
excited  in  the  usual  manner,  it  be  placed  upon  an  insulating  sup- 
port, and  the  metallic  cover  be  brought  down  upon  it  by  means  of 
the  insulating  handle,  little  or  no  negative  electricity  will  be  ob- 
tained from  the  upper  plate  on  connecting  it  with  the  grounds 
but  if  a  connexion  be  made  between  the  upper  and  under  metallic 
plate  by  touching  one  with  each  hand,  a  slight  shock  will  be  felt 
{'^35)9  owing  to  the  neutralization  of  the  positive  electricity  of  the 
lower  plate  by  the  liberated  negative  of  the  upper.    On  now  raising 
the  cover,  a  positive  spark  may  be  obtained,  and  on  replacing  the 
discharged  cover  upon  the  resin,  the  same  series  of  phenomena 
may  be  repeated  as  often  as  the  operator  pleases,  without  exciting 
the  resin  anew  (235). 

(234)  Spread  of  Induction, — A  remarkable  peculiarity  in  elec- 
trical induction  has  yet  to  be  noticed.  When  a  charged  sphere,  a, 
is  suspended  exactly  in  the  centre  of  a  hollow  spherical  cavity,  b, 
fig.  177,  induction  diminishes  in  every  direction  as  the  square  of 
the  distance ;  but  it  is  quite  otherwise  if  the  charged  ball  be  sus- 


*  The  correctness  of  this  explanation  may  be  verified  by  substituting  for 
the  metallic  cover  a  circular  disk  of  tinfoil  of  the  same  diameter,  and  pressinj^ 
it  down  into  complete  contact  with  the  resinous  plate;  on  removing  the  tin- 
foil it  will  be  found  to  have  discharged  the  resinous  plate  completely ;  and  no 
charge  will  now  be  communicable  to  the  insulated  metallic  cover  until  the 
surface  of  the  resin  has  been  pelted  anew  by  friction. 
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pended  within  the  hollow  sphere  in  any  other  Fig.  177. 

position.     If  we  compare  radiant  heat  with         ^^ ^^ 

induced  electricity,  it  will  be  found  that  the 

approach  of  a  cold  body,  s,  towards  a  source 

of  radiant  heat  does  not  affect  the  radiation  bI 

to  the  objects  around,  excepting  in  the  case    .  . 

of  those  which  are  immediately  sheltered  by     \  / 

its  shadow,  as  at  b,  fig.  177  :  not  so,  however,        \ ^ 

if  we  bring  an  uninsulated  conductor  towards 
a  body  charged  with  electricity.  The  approach  of  such  a  con- 
ductor concentrates  the  inductive  action  more  or  less  completely 
upon  itself,  and  to  a  corresponding  extent  withdraws  that  action 
which  was  previously  directed  towards  the  surrounding,  but  more 
distant,  envelope.  The  fewer  are  the  intervening  particles  of 
the  dielectric  air  to  be  polarized,  the  higher  does  the  polarity 
rise  in  each  particle,  and  the  more  completely  is  the  induction 
called  off  from  more  distant  objects;  consequently  the  smaller 
the  distance  between  the  charged  and  the  disturbing  body,  the 
more  complete  is  the  diversion.  The  polarity  of  the  interposed 
air  may  at  last  rise  so  high  that  it  can  sustain  the  tension  no 
longer,  and  a  spark  passes  between  the  two  surfaces.  The  particles 
of  the  dielectric  are  in  a  forced  condition,  and,  like  the  coils  of  a 
spring,  tend  to  return  to  their  normal  state. 

This  important  fact  may  be  il- 
lustrated in  the  following  way.  Let 
A,  fig.  178,  represent  an  insulated 
circiJar  conducting  plate,  connected 
with  an  electroscope.  Give  to  the 
plate  A  a  small  positive  charge  suf- 
ficient to  cause  divergence  of  the 
leaves  of  the  electroscope;  then  cause 
a  second  conducting  plate,  b,  which 
is  uninsulated,  to  approach  the  plate 
A.     The  leaves  of  the  electroscope 

will  gradually  collapse,  but  they  wiU  open  out  again,  when  b  is 
withdrawn.  In  this  experiment  a  portion  of  the  positive  electricity 
of  plate  B,  equivalent  in  quantity  to  that  of  the  charged  body,  a, 
passes  off  to  the  earth.  Owing  to  this  lateral  action,  if  the  plate  b 
be  retained  very  near  to  a,  the  plate  a  may  receive  a  considerable 
amount  of  charge,  by  repeated  applications  of  a  body  feebly 
charged,  provided  that  such  body  is  freshly  charged  between  each 
contact  with  a  :  by  these  repetitions  small  quantities  of  electricity 
may  be  accumulated,  and  rendered  evident  by  suddenly  withdraw- 

c  c 
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ing  the  uninsulated  fieXe,  b  ;  the  leaves  of  the  electroscope  divergd 
because  by  such  withdrawal  the  whole  induction  is  directed  to 
surrouadiug  objects  instead  of  being  concentrated  upon  b.  An 
apparatus  of  this  kind  has  been  called  a  condenser,  from  its  power 
of  collecting  and  rendering  visible,  by  repeated  contacts,  quan- 
tities of  electricity  too  minute  to  be  otherwise  perceptible. 

(235)  The  Leyden  Jar. — By  substituting  a  solid  dielectric, 
such  as  glasSj  for  the  sheet  of  air  between  the  plates  a  and  b  in 
the  preceding  experiment,  a  modi  higher  degree  of  induction  may 
be  obtained,  since  the  fixed  position  of  the  particles  of  the  glass 
prevents  them  from  moving  off  when  highly  charged.  In  feet,  a 
plate  of  glass  between  two  metallic  surfeces  constitutes  an  appa> 
ratus  for  storing  up  electricity ;  and  is,  in  its  simplest  form,  the 
important  instrument  celebrated  from  the  place  of  its  discovery 
as  the  Leyden  jar.  Escepting  as  a  matter  of  convenience  it  does 
not  signify  whether  the  glass  be  fiat  or  curved,  only  it  is  found 
mate  easy  to  manipulate  with  jars  than  with  fiat  plates.  The 
ordinary  form  of  Leyden  jar  is  represented  at  o, 
fig.  179.  It  consists  of  a  bottle,  of  thin  glass, 
with  a  wide  neck.  A  coating  of  tinfoil  is 
pasted  upon  both  the  internal  surfece,  i,  and 
the  outer  surface,  o,  to  within  three  or  tour 
inches  of  the  neck.  The  upper  portion  of  the 
glass  is  left  bee  frvm  conducting  matter  in 
order  to  preserve  the  insulation  of  the  two 
coatings.  A  wire,  surmounted  by  a  brass 
knob,  and  supported  by  a  smooth  plug  erf  dry 
wood,  serves  to  convey  the  charge  to  the  inner 
coating,  with  which  it  is  in  contact.  Such  a 
^KtiMiu*'  J"'  ^'^^  receive  and  sustain  a  charge  of  much 

^        higher  intensity  than  a  umple  conducting  sur- 
^^    ^        face  of  brass  or  of  tinfoil  of  the  same  extent. 
'^^  A  sim[de  experiment  will  suffice  to  show 

^  the  correctness  of  this  statement.  A  single 
turn  of  the  machine  will  be  sufficient  to  cause 
a  straw,  e,  6g,  179,  suspended  from  the  centre  of  the  graduated 
arc,  and  attached  to  the  prime  conductor  of  the  machine,  r, 
to  assume  its  utmost  angular  rq)ulsion ;  but  if  the  koob  of  a 
Leyden  jar,  which  need  not  expose  a  coated  surface  of  an  extent 
equal  to  the  superficial  area  of  the  prime  conductor,  be  presented 
as  at  F,  it  will  take  eight  or  ten  turns  of  the  machine  to  produce 
the  same  amount  of  repulsion  j  bright  sparks  will  pass  in  rapid 
succession  between  the  knob  and  the   conductor,  if  the  two  be 
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separated  by  a  small  interval,  and  on  connecting  the  two  coatings 
of  the  jar  by  the  discharging  rod,  d  (which  is  merely  a  jointed 
wire  terminating  in  brass  balls,  and  which  for  safety  is  insulated 
on  a  glass  handle),  the  equilibrium  is  restored  suddenly  and  com- 
pletely with  a  loud  snap  and  a  brilliant  spark.  If  the  discharge 
were  allowed  to  take  place  through  the  arms,  or  any  part  of  the 
body,  a  sudden  painful  sensation,  termed  the  electric  shock,  would 
be  experienced.  The  power  of  the  Leyden  jar  may  be  increased 
by  increasing  its  size ;  and  when  it  would  be  inconvenient  to  use 
jai*s  of  large  size,  a  similar  increase  in  power  may  be  obtained  by 
placing  a  number  of  small  jars  side  by  side  upon  a  sheet  of  tin- 
foil, or  other  conductor,  which  connects  together  all  their  outer 
coatings,  whilst  by  means  of  wires  all  their  inner  coatings  are 
similarly  connected  with  each  other.  Such  an  arrangement  of 
jars  is  called  an  electrical  battery,  and  is  shown  at  fig.  190,  p.  397. 
If  the  jars  be  of  uniform  thickness,  the  power  of  the  battery  will 
be  in  proportion  to  the  extent  of  the  coated  surface,  but  the  in- 
tensity of  the  charge  will  be  inversely  as  the  square  of  the  thickness 
of  the  glass.  (Wheatstone,  Government  Report  on  Electric  Cables, 
186 J,  Appendix,  p.  285.) 

That  the  charge  of  the  Leyden  jar  depends  upon  an  action  of 
contiguous  particles,  polarization  taking  place  across  the  dielectric, 
may  be  shown  by  taking  three  or  four  laminae  of  glass,  and  placing 
them  one  above  another  between  two  metallic  plates,  thus  form- 
ing them  into  one  compound  plate,  and  then  charging  the  whole. 
If  the  upper  plate  becomes  positively  charged,  the  lower  one  will 
become  negative,  whilst  each  intermediate  plate  becomes  polarized, 
and  thus  transmits  the  inductive  effect. 

As  might  be  anticipated  &om  this  experiment,  it  is  found  that 
the  charge  of  the  jar  does  not  reside  in  the  coatings,  which  merely 
act  as  conductors  to  favour  the  distribution  and  escape  of  the 
electricity.  K  a  jar  be  fitted  with  moveable  coatings,  and  then 
charged,  each  of  the  coatings  may  be  removed  by  a  suitable  insu- 
lating support ;  the  coatings  may  be  handled  after  such  removal ; 
the  jar  may  then  be  replaced  in  them,  and  it  will  give  a  powerful 
spark  when  discharged  in  the  usual  manner.* 

The  following  experiments  will  elucidate  the  action  of  the 
Leyden  jar  when  in  the  process  of  receiving  a  charge.     Let  a  jar, 


*  The  jar,  if  well  dried,  will  be  found  after  tkif  discharge  itill  to  retain  a 
polar  condition  like  the  cake  of  the  electrophorua.  After  the  diacburget  if 
the  inner  coating  be  withdrawn  by  an  insulating  handle,  it  will  give  off  a  posi^ 
tive  spark,  and,  on  replacing  the  coating,  the  jar  may  be  a  second  time  dia- 
charged ;  and  the  same  seriei  of  operations  may  be  repeated  several  times. 

c  c  2 
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Fig.  180.  A,  fig.  180,  be  placed  upon  an  insiilating  stand, 

and  let  its  knob  be  brought  near  to  the  prime 
conductor,  f,  of  an  electrical  machine  in  action ; 
under  these  circumstances  it  will  be  found  to 
receive  little  or  no  charge.  Now  place  an  un- 
insulated conductor,  c,  near  its  outer  coating ; 
sparks  will  pass  irom  p  to  the  knob  of  the  jar  a  ; 
and  for  every  spark  that  passes  to  the  knob  of 
the  jar,  a  spark  will  pass  from  the  outer  coat- 
ing to  the  uninsulated  conductor  C.  If  the 
jar  be  receiving  positive  electricity  frota  the 
machine  upon  its  interior,  it  will  be  found  that 
an  equal  quantity  of  positive  electricity  is  disengaged  from  the 
exterior.  A  second  uninsulated  jar  may  be  placed  so  as  to  receive 
upon  its  knob  the  sparks  from  the  estcrior  of  the  first ;  it  will  thus 
become  charged  to  an  extent  equal  to  the  charge  of  the  first  jar. 
Again,  if  three  insulated  jars   be  placed  as  in  fig.  181,  where  p 

Fio.  181. 

indicates  the  prime  conductor,  whilst  the  coating  of  the  last  jar  is 
brought  near  to  a  wire,  N,  proceeding  from  the  insulated  rubber 
of  the  machine,  for  each  spark  that  passes  from  the  conductor, 
p,  a  similar  spark  will  be  seen  to  pass  between  each  of  the  jars, 
and  between  the  last  jar  and  the  wire  s.  In  this  way  each  jar 
will  become  equally  and  powerMly  charged,  although  both  the 
machine  and  the  jars  are  completely  insulated. 

From  the  foregoing  experi- 


Fio.  183. 
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ments  it  is  plain  that  a  jar  when 
charged  contains  no  more  of 
either  electricity  than  it  does  in 
its  neutral  condition,  but  the 
distribution  of  the  two  forces  is 
different.  This  statement  may 
be  illustrated  by  aid  of  the  dia- 
gram, fig.  183 : — Let  No.  i  in- 
dicate   an  enlai^ed   section  of 
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the  glass  side  of  the  jar,  the  partially  shaded  circles  showing  its 
particles   in  the  neutral  state;  i  representing  a  section  of  the 
inner  metallic  coating,  and  o  a  section  of  the  outer  coating.     Let 
No.  2  be  a  section  of  the  same  jar  when  a  charge  of  positive  elec- 
tricity has  been  thrown  by  the  machine  upon  the  inner  surface,  r. 
In  this  case  a  corresponding  quantity  of  negative  electricity  must 
have  passed  off  from  the  same  coating  to  the  conductor  of  the  ma- 
chine, leaving  the  superficial  layer  of  particles  bodily  charged  with 
positive  electricity,  as  shown  by  the  white  circles  in  No.  2.     In 
order,  however,  that  this  charge  of  the  inner  layer  may  occur,  it  is 
necessary  that  the  outer  layer  be  uninsidated,  for  reasons  which 
will  be  immediately  explained.     The  two  electricities  in  No.  2  are 
represented  as  being  accumulated  on  opposite  sides  of  each  of  the 
particles  composing  the  layers  intermediate  between  the  inner  and 
outer  superficial  layers  of  the  glass,  the  white  half  indicating  the 
positive  electricity,  the  black  half  the  negative.     Polarization  of 
each  particle  of  the  dielectric  glass  intervening  between  the  two 
surfaces  is  produced,  and  a  quantity  of  positive  electricity  is  there- 
fore disengaged  from  the  second  surface,  which  is  exactly  equal  to 
that  distributed  by  the  inner  coating,  i,  upon  the  first ;  but  unless 
an  escape  be  afforded  for  this  excess  of  positive  electricity  from 
the  second  surface,  no  charge  is  received  by  the  jar,  for  polariza- 
tion becomes  impossible,  and  no  appreciable  amount  of  electricity 
can  enter  the  jar  from  the  machine.    At  the  same  time  that  posi- 
tive electricity  is  escaping  from  the  outer  superficial  layer  a  corre- 
sponding quantity  of  negative  electricity  supplies  its  place,  conse- 
quently this  layer  becomes  bodily  charged  with  negative  electricity, 
as  indicated  by  the  fully  shaded  circles. 

It  thus  appears  that  the  charging  of  a  jar  with  electricity  is 
totally   different    from    the    operation    of  filling  a  bottle  with  a 
liquid;    the  electricity  is   distributed  not  in  the   cavity  of  the 
bottle,  but  in  the  substance  of  the  glass  itself.   Indeed,  it  has  been 
already  stated  that  a  flat  plate  will  answer  equally  well  with  the 
jar,  but  the  jar,  from  its  form,  is  for  the  sake  of  convenience  pre- 
ferred.    In  the  experiment  with  the  three  insulated  jars,  an  ex- 
planation similar  to  the  foregoing  one  may  be  given  : — A  quantity 
of  positive  electricity  passes  from  the  conductor  of  the  machine 
to  the  inner  surface  of  the  first  jar.     A  corresponding  quantity  of 
the  same  kind  of  electricity  simultaneously  passes  off  from  the 
opposite  coating  into  the  next  jar,  which  in  its  turn  becomes 
similarly  polarized ;  and  so  on  in  succession,  until,  from  the  last 
jar,  a  quantity  of  positive  electricity  passes  to  the  rubber,  exactly 
sufficient  to  neutralize  the  negative  electricity  liberated  by  the 
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machine^  which  is  necessarily  equivalent  to  the  positive  electricity 
accumulated  on  the  internal  surface  of  the  first  jar.  It  is  not 
necessary  that  the  last  jar  be  connected  with  the  rubber  directly, 
the  same  object  wiU  be  attained  by  allowing  the  discharge  to  take 
place  into  the  earth,  provided  that  the  rubber  also  be  in  conduct- 
ing communication  with  the  earth.  Although  it  is  usual  in  the 
charging  of  a  jar  to  connect  the  internal  coating  with  the  prime 
conductor,  yet  the  jar  may  be  chained  equally  well  if  its  insulated 
external  coating  be  connected  with  the  conductor  whilst  the  inner 
coating  is  made  to  communicate  with  the  earth ';  in  this  case,  how- 
ever, the  charge  on  the  outer  surface  is  positive,  whilst  the  inner 
surface  becomes  negative. 

Each  jar  in  the  series,  fig.  i8f,thus  receives  a  charge,  though 
only  one  has  been  placed  in  connexion  with  the  machine;  the 
superfluous  electricity  upon  the  outer  coating  of  the  first  having 
charged  the  second,  and  so  on.  If  the  insulations  be  good,  and 
the  glass  of  the  jars  thin,  the  last  jar  will  be  charged  very  nearly 
to  the  same  extent  as  the  first. 

When  aU  the  jars  have  been  thus  charged,  all  will  be  simul- 
taneously discharged  if  the  inner  coating  of  the  first  jar  be  con- 
nected with  the  outer  coating  of  the  last;  but  although  no 
greater  amount  of  electricity  passes  between  the  two  extreme  jars 
than  would  have  passed  between  thie  inner  and  outer  coating  of  a 
single  one,  the  distance  through  which  the  spark  passes  is  very 
much  greater,  and  for  equal  charges  it  is  found  to  increase  as  the 
number  of  jars  thus  discharged :  if  a  spark  of  one  inch  in  length 
be  obtained  with  one  jar,  with  two  jars  the  spark  would  be  2  inches, 
with  four,  4  inches,  and  so  on.  In  practice  the  distance  is  some- 
thing less,  because,  owing  to  imperfect  insulation  and  to  the  re- 
sistance of  the  glass  to  receive  a  charge,  each  succeeding  jar 
receives  a  somewhat  weaker  charge  than  the  one  which  precedes  it. 

(236)  Measures  of  Electricity. — It  is  upon  the  principles  just 
explained  that  Snow  Harris  has  constructed  his  Unit  Jar,  for 
measuring  out  definite  quantities  of  electricity.  The  unit  jar  is  a 
miniature  Leyden  jar  mounted  on  a  slender  insulating  rod  of  glass. 
Attached  to  the  outside  of  the  jar  is  a  wire  terminating  in  a  ball^ 
a,  fig.  183,  parallel  to  the  usual  wire  and  ball  which  passes  to  the 
interior;  on  the  wire  connected  with  the  inside,  is  a  third  sliding 
ball,  b — this  can  at  pleasure  be  brought  to  any  required  distance 
from  the  ball,  a,  which  is  connected  with  the  outside :  whilst  the 
unit  jar  is  becoming  charged  £rom  the  machine  (say  that  its  outer 
surface  is  rendered  positive,  as  represented  in  the  figure),  an  equal 
quantity  of  positive  electricity  is  passing  off  from  the  interior 
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along  the  wire,  to,  attached  to  the  in- 
side of  the  jar,  b,  which  is  to  be 
loaded  with  a  definite  qnantitj :  as 
Booa  as  the  charge  in  the  unit  tnea- 
sure  rises  sutficientljr  high,  it  dift- 
chaises  itself  between  the  adjusted 
balls,  a,  b,  without  affecting  the 
chat^  in  the  jar,  b.  A  second 
charge  is  now  given  to  the  unit  jar, 
which  dischai^es  itself  when  it  i 
to  the  same  amount  as  before :  during 
each  Buccessive  charge  of  the  unit  jar, 
a  corresponding  quantity  of  positive 
electricity  passes  from  its  exterior 
into  B,  so  that  by  counting  the  e 
her  of  sparks  that  pass  between  a  and  h,  the  number  of  equal 
quantities  or  arbitrary  units  which  have  been  given  to  the  jar,  B,  is 
ascertained.  Supposing  the  adjustment  of  the  balls,  a  and  b,  to 
remain  the  same,  the  jar  b  may  be  made  to  receive,  for  any  number 
of  times  successively,  equal  amounts  of  electrical  charge,  by  causing 
an  equal  number  of  discharges  of  the  unit  jar  to  take  place  in 
each  case. 

Other  means  have  been  proposed  for  eQBuring  an  equal  accn- 
mulation  of  electricity  in  a  jar.  Lan^s  discharging  electrometer 
is  the  simplest  of  these.  One  form  of  this  ap- 
paratus is  shown  in  fig.  184:  its  principle  of 
action  will  be  at  once  apparent,  i.  is  an  ordi- 
nary Leyden  jar,  in  the  ball,  a,  of  which  a  hole 
is  drilled  to  receive  the  brass  pin  of  the  elec- 
trometer ;  a  bent  glass  arm,  b,  carries  upon  its 
lower  extremity  a  brass  socket,  c,  through  which 
slides  an  insulated  rod  carrying  a  brass  knob  on 
either  extremityj  one  of  these  balls,/,  can  be 
placed  at  any  required  distance  firom  the  knob 
of  the  Leyden  jar.  A  chain  or  wire,  w,  effects  , 
a  communication  between  the  sliding  rod  and 
the  outside  of  the  jar.  If  the  interval  between 
A  and  /  be  maintained  unilbrm,  the  jar  will  always  require  the  same 
amount  of  charge  before  the  discharge  takes  place  between  these 
two  balls,  A  and  /.  The  quantity  of  electricity  in  the  charge  is 
proportioned  to  the  distance  between  the  balls :  with  an  interval 
of  half  an  inch  the  fiwce  woold  be  double  that  required  wben  the 
distance  was  only  a  quarter  of  an  iodi. 
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The  force  of  attraction  between  two  charged  sorfSeices  has  been 
measured  by  an  ingenious  modification  of  the  common  balance 
devised  by  Snow  Harris.  A  light  disk  of  gilt  wood  is  substituted, 
as  shown  in  fig.  185,  for  one  of  the  pans  of  the  balance;  beneath 

Fio.  185. 


it  is  a  second  similar  insulated  disk :  the  suspended  disk  and  the 
balance  beam,  through  its  support,  are  connected  with  the  exterior 
of  a  Leyden  jar,  and  the  lower  insulated  disk  with  the  interior  of 
the  jar.  By  charging  the  Leyden  jar  with  definite  quantities  of 
electricity  by  means  of  the  unit  jar,  the  laws  which  regulate  the 
attractive  force  were  experimentally  determined.  One  or  two  of 
the  more  important  results  may  be  given  as  an  illustration  of  the 
mode  of  proceeding. 

If  a  Leyden  jar  charged  with  a  certain  quantity  of  electricity 
produce  between  the  disks  an  attractive  force  sufiGicient  to  raise  4 
grains,  it  wiU  when  charged  with  double  the  quantity  raise  four 
times  the  amount,  or  16  grains;  with  three  times  the  quantity  it 
will  raise  nine  times  the  amount,  or  36  grains ;  consequently,  if  the 
extent  of  charged  surface  continue  constant,  the  attraction  increases 
as  the  square  of  the  quantity. 

When  two  equal  and  similar  jars  are  used  instead  of  one  jar, 
and  the  same  quantity,  say  ten  units,  is  distributed  over  them,  the 
attractive  force  will  be  diminished  to  +,  and  with  three  jars  to  i  of 
what  it  was  when  a  single  jar  was  employed.  For  instance,  a  quan- 
tity which  on  one  jar  would  raise  18  grains,  would,  if  diffiised  over 
two  similar  jars,  raise  only  4^  grains ;  and  if  diffused  over  three,  it 
would  raise  only  2  grains.  If,  therefore,  the  quantity  remain  con- 
stant,  the  attractive  force  is  inversely  as  the  squares  of  the  charged 
surfaces  of  the  jars.  When  the  distance  between  the  disks  was 
altered,  it  was  found,  for  charges  of  equal  intensity,  that  the 


INDUCTION.  393 

attractive  force  varied  inversely  as  the  aqoare  of  the  distance, — 
the  attractive  force  being  4  timee  as  great  at  1  inch,  as  it  was  at 
2  inches,  distance. 

(257)  Specific  Induction. — It  has  been  shown  that  the  iDduc- 
tion  between  two  conducting  plates,  one  of  which  is  insulated 
while  the  other  communicates  with  the  earth,  is  facilitated  by 
diminishing  the  thickness  of  the  dielectric  which  separates  them, 
and  that  the  insulated  plate  is  enabled  to  receive  a  higher  amonnt 
of  charge  by  reducing  the  number  of  particles  of  the  dielectric 
which  undergo  polarization.  It  is  evident  from  this  circumstance 
that  the  polarization  is  attended  with  a  certain  amount  of  resis- 
tance. Faraday  discovered  that  this  resistance  varies  in  amount 
with  the  material  of  the  dielectric  employed;  some  substances 
becoming  polarized  more  readily  than  others.  The  relative  facility 
of  induction  through  the  different  bodies  as  compared  with  a  com- 
mon standard  constitutes  their  specific  inductive  capacity.  A  plate 
of  shell-lac,  for  example,  of  an  inch  in  thickness,  allows  induction 
to  take  place  across  it  twice  as  readily  as  does  an  equal  thickness 
of  atmospheric  air,  and  sulphur  with  a  facility  equal  to  that  of 
shell-lac. 

The  following  table  represents,  according  to  Snow  Harris  (Phil. 
IVans.,  1 84  2,  p.  1 70),  the  specilic  inductive  powerof  various  bodies :~ ■ 

Specific  Induction. 

Mr       100    I    GlsM     i-go 

Besin I-77         Sulphur        i'93 

Pitch    rSo        Shell-Uo       19s 

BeeB'-wfti    i8fi    I 

The  fundamental  fact  may  be  shown  by  the  following  simple 
experiment  (fig.  186}.  About  li  inch  above  the  cap  of  a  gold-leaf 
electroscope  suspend  an  insulated  disk  of 
metal,  and  communicate  a  small  charge  '    * 

to  the  insulated  disk ;  the  gold  leaves 
immediately  diverge  by  induction.  Be- 
tween the  disk  and  the  electroscope  sub- 
stitute for  the  dielectric  air,  a  body  the 
specific  induction  of  which  is  greater  than 
that  of  air,  such,  for  example,  as  a  plate 
of  shell-lae,  s,  an  inch  in  thickness,  and 
mounted  on  an  insulatii^  handle;  the 
leaves  will  immediately  diverge  more 
widely,  because  induction  towards  the 
instrument  takes  place  more  freely ;  on 
removing  the  sbell-lac  Gie  leaves  of  the 
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Fig.  187. 


electroscope  i^ttim  to  their  original  divergence.  The  effect  is 
precisely  similar  to  that  which  would  be  produced  by  bringing  the 
charged  plate  nearer  to  the  electroscope  in  air.  Similar  pheno- 
mena occur  if  a  mass  of  sulphur  or  of  resin  be  substituted  for  the 
$hell-lac. 

In  good  Conductors  no  such  polarization  can  be  traced^  and 
in  imperfect  conductors,  such  as  spermaceti,  the  results  become 
indistinct. 

With  gaseous  bodies  no  difference  in  specific  inductive  power 
is  found  to  exist :  it  is  remarkable  that  the  chemical  nature  of  the 
gas  has  no  influence ;  all  gases  having  the  same  inductive  capacity 
as  common  air.  No  variation  in  temperature,  in  density,  in  dry. 
ness,  or  in  moisture,  produces  any  change  in  this  respect.  The 
apparatus  with  which  Faraday  investigated  these  curious  pheno- 
mena was  a  kind  of  Leyden  phial  (fig.  187), 
consisting  of  two  concentric  metallic  spheres, 
▲,  A,  insulated  firom  each  other  by  a  stem  of 
shell-lac,  b.  Any  dielectric  could  in  succes- 
sion be  placed  between  the  spheres,  whether 
the  subject  of  experiment  were  solid,  liquid, 
or  aeriform,  as  by  connecting  it  with  the 
air-pump  by  means  of  the  stop-cock,  s,  it 
could  be  exhausted,  and  the  interval  filled 
with  any  gaseous  medium,  with  the  same 
facility  as  with  a  liquid  {PTiil,  TVans,,  1838, 
p.  9).  Two  of  these  jars  having  been  pre- 
pared, a  charge  was  given  to  one  of  them, 
after  it  had  been  filled  with  the  body  the 
inductive  capacity  of  which  was  to  be  deter- 
mined, and  the  charge  was  then  divided  with 
the  second  similar  apparatus,  in  which  the 
interval  between  the  spheres  was  filled  with 
air  only.  The  intensity  of  the  charge  in 
each  case  was  measured  by  means  of  a  car- 
rier-ball and  CoulomVs  electrometer. 

(238)  Varums  Modes  of  Discharge. — We  pass  on  now  to  con- 
sider the  different  modes  in  which  the  electric  equilibrium  is  re- 
stored after  it  has  been  disturbed :  this  restoration  may  be  effected 
in  one  of  three  ways,  for  the  excited  body  may  be  discharged  either 
by  (a)  conduction,  by  [b)  disruption,  or  by  (c)  convection. 

(239)  a.  Conduction. — ^When  a  charged  Leyden  jar  is  dis- 
charged in  the  usual  way  through  a  discharging-rod,  the  electricity 
passes  quietly  through  the  wire  of  the  discharger  by  conduction^ 
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but  traverses  the  interposed  air  by  disruption,  in  the  form  of  a 
spark  attended  with  noise. 

All  bodies,  shell-lac  and  glass  not  excepted,  possess  a  certain 
amount  of  conducting  power,  which  gives  rise  to  the  phenomenon 
termed  the  residual  charge  of  a  jar,  or  battery.  If  a  jar  be  charged 
strongly,  and  allowed  to  remain  imdisturbed  for  a  few  minutes,  and 
then  be  discharged,  a  slight  apparent  renewal  of  the  charge  will  take 
place,  and  a  second  smaller  spark  may  be  obtained  from  it.  This 
Faraday  considers  to  be  due  to  the  penetration  by  conduction  of  a 
portion  of  the  charge  into  the  substance  of  the  dielectric.  Each 
surface  of  the  glass  acquires  a  weak  charge,  one  of  positive,  the 
other  of  negative  electricity;  but  as  soon  as  the  constraining 
power  which  caused  this  penetration  of  the  electricity  is  removed, 
it  returns  towards  the  nearest  surface  and  produces  the  slight  re- 
charge, or  residual  charge. 

As  no  bodies  are  perfect  insulators,  so  none  are  perfect  con- 
ductors, for  even  the  metals  offer  a  certain  measurable  resistance 
to  the  transmission  of  electricity.  The  following  experiment  will 
serve  to  illustrate  this  point. 
Charge  a  large  Leyden  jar  (fig. 
1 88),  and  arrange  a  metallic 
wire,  w,  50  or  100  feet  in 
length,  so  as  to  act  the  part  of 
a  discharger ;  at  the  same  time 
open  a  short  path  for  the  dis- 
charge to  the  outer  coating,  by 
bringing  the  balls  a  and  b 
within  a  short  distance  of  each  other.  Under  this  arrangement, 
a  portion  of  the  electricity  takes  the^  shorter  course  from  a  to  6, 
and  overcomes  the  high  resistance  of  the  stratum  of  air  interposed 
between  the  balls,  owing  to  the  resistance  experienced  by  the  dis- 
charge to  its  passage  along  the  continuous  conducting  wire,  w. 

This  resistance,  even  in  good  conductors,  often  occasions  the 
spark  to  pass  between  two  contiguous  conductors,  and  produces 
what  has  been  called  the  lateral  spark,  which  can  be  elicited,  even 
if  the  conductors  subsequently  unite  below.     Thus,  in  fig.  189,  at 
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the  moment  a  spark  passes  from  p  to  the  ball^  a,  a  minute  spaik 
will  be  seen  to  pass  between  the  wire  and  the  loop,  d,  if  they  be 
sufficiently  near  each  other.  This  lateral  spark  may  acquire  suffi- 
cient power  to  ignite  gunpowder  or  other  combustible  matter. 
In  fact,  momentary  as  is  the  duration  of  the  dischai^e,  induction 
takes  place  towards  all  surrounding  objects  whilst  electricity  is  in 
motion,  as  well  as  when  it  is  at  rest. 

If  in  a  darkened  room  a  thin  insulated  wire  be  made  to  ter- 
minate at  each  extremity  in  a  metallic  ball,  and  on  one  baU  lai^ 
sparks  be  thrown,  whilst  fix>m  the  other  ball  the  sparks  are  allowed 
to  pass  off  to  some  contiguous  conductor,  the  air  will  be  seen  to 
become  feebly  luminous  from  induction  along  the  whole  course  of 
the  wire  every  time  that  a  spark  passes. 

(240)  Development  of  Heat. — ^The  passage  of  electricity  through 
conductors  is  attended  with  evolution  of  heat,  the  amount  of  which 
is  inversely  as  the  conducting  power.  Snow  Harris  {Phil,  TVans,, 
1827,  p.  2t),  by  means  of  an  air-thermometer  with  a  large  bulb, 
across  which  were  passed  in  succession  wires  of  different  metals 
but  of  equal  length  and  thickness,  found  that  when  equal  quan- 
tities of  electricity  were  discharged  through  these  wires,  the  heat- 
ing effects  were  as  follows.  The  metals  which  stand  first  on  the 
list  are  the  best  conductors,  and  they  emit  the  least  heat : — 

Development  of  Heat  in  Metals  by  Electricity. 

Alloys. 

j}r&o8       •*•     •••     •••     ...  —  1  o 

Gold  3,  Copper  i =  25 

Gold  I,  Copper  3 =  15 

Gx>ld  3,  Silver  i    =  25 

Tin  T,  Lead  i        =  54 

Tin  I,  Copper  6    =18 

It  will  be  seen  that  by  alloying  the  metals  with  each  other, 
the  conducting  power  is  often  greatly  reduced.  Great  care  should 
therefore  be  taken  to  ensure  the  purity  of  the  metals  in  experi- 
ments of  this  natiu-e. 

If  different  quantities  of  electricity  be  transmitted  through  the 
same  wire,  it  is  found  that  the  rise  of  temperature  is  proportional 
to  the  square  of  the  quantity  transmitted  in  equal  times :  for 
example,  if  the  thermometer,  with  a  given  charge,  rise  10°,  a  charge 
of  twice  the  power  will  raise  it  four  times  as  much,  or  40°. 

By  sufficiently  reducing  the  thickness  of  the  conductor  at  one 
part  of  the  circuit,  the  heat  may  be  raised  so  far  as  to  frise  the 
wire,  or  even  to  convert  it  into  vapour. 

The  amount  of  electricity  required  to  produce  this  effect,  when 
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6 

Silver 

6 

Gold  ...     , 

9 

Zino    ...     . 

18 

Platinum 

30 

Iron    ... 

30 

Tin     ... 

36 
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measured  by  a  unit  jar,  is  found  to  be  equally  powerful  wbether 
it  be  diffused  over  a  large  or  small  surface ;  the  intensity  (i.  e. 
quantity  which  passes  through  a  given  space  in  a  given  time)  is 
the  same  in  the  wire  in  both  cases,  though  the  intensity  of  the 
charge  on  equal  surfaces  of  the  jar  is  very  diflferent.  Where  large 
quantities  of  electricity  are  needed,  a  corresponding  extent  of 
coated  surface  is  requisite ;  this  may  be  obtained  either  by  em- 
ploying a  single  jar  of  large  dimensions,  or  several  smaller  ones, 
the  inner  surfaces  of  which  are  connected  by  wires,  and  the  outer 
surfaces  likewise  united  by  placing  them  upon  a  sheet  of  tinfoil, 
or  on  a  metallic  tray.  By  discharging  such  a  battery  through 
thin  metallic  wires — of  silver,  steel,  platinum,  or  copper,  for  in- 
stance— they  will  be  fused  and  dispersed. 

The  arrangement  re- 
presented  in  fig.  1 90, 
shows  one  method  ot 
employing  such  a  battery 
for  the  deflagration  of 
metallic  wires :  nine  jars 
are  in  this  case  repre- 
sented ;  they  are  enclosed 
in  a  wooden  case,  b,  and 
rest  on  tinfoil,  which 
communicates  with  the 
earth  through  the  chain 
c.  The  battery  is  charged 

from  the  prime  conductor  p.  The  internal  coatings  of  all  the  jars 
are  connected  by  cross  wires.  In  order  to  direct  the  discharge 
of  the  battery,  a  wire  passes  from  its  inner  coating  to  the  insulated 
upper  arm  /,  of  the  discharger  A,  a  second  wire  passes  from  the 
ball  b,  to  one  of  the  insulated  wires  on  the  stand  of  the  universal 
discharger  d.  The  wire  for  deflagration,  w,  is  fastened  to  a  card 
which  is  also  supported  on  a  little  stand  insulated  by  glass ;  and 
the  communication  with  the  external  coating  of  the  battery  is 
continued  by  a  wire  connected  with  the  other  insulated  suppoii; 
of  the  universal  discharger  d  ;  thus  the  conducting  communica- 
tion is  complete  with  the  exception  of  the  interval  between  a  and  b. 
When  the  battery  is  adequately  charged,  the  lever  I  is  withdrawn, 
the  ball  a  and  its  attached  wire  are  thus  released,  and  fall  through 
a  hole  in  the  metallic  arm  /,  which  is  connected  with  the  inner 
coating,  and  the  circuit  is  completed  when  the  balls  a  and  b  come 
into  contact. 

It  must  be  observed  that  in  all  cases  of  conduction  the  chai^ 
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passes  through  the  whole  thickness  of  the  rod  or  wire,  and  is  not 
confined  to  its  surface :  it  therefore  makes  no  difference  whether 
the  metal  is  in  the  form  of  wire,  or  is  extended  over  a  large  surface 
as  leaf.  The  induction  at  any  part  of  the  wire  during  the  dis- 
charge is  mainly  from  one  transverse  section  of  the  wire  to  the  con- 
tiguous section  that  immediately  precedes  and  that  follows  it. 

The  dispersion  of  the  conductor  by  the  passage  of  high  charges 
of  electricity  leads  us  to  consider  next  what  Faraday  terms  the 
disruptive  discharge. 

(241)  A.  Disruptive  Discharge. — This  mode  of  discharge  is  at- 
tended by  sudden  and  forcible  separation  of  the  particles  of  the 
medium  through  which  it  occurs ;  and  it  is  attended  with  extrica- 
tion of  light  and  heat.  It  is  best  seen  between  two  conductors 
separated  by  a  dielectric,  such  as  two  metallic  balls  in  air.  In 
these  cases,  when  a  sudden  bright  spark  passes,  the  discharge  is  as 
complete  as  if  it  had  been  effected  by  direct  metallic  communica- 
tion. The  particles  of  the  intervening  dielectric  are  brought  up  to 
a  highly  polarized  state,  until  at  length  the  tension  on  one  particle 
rising  higher  than  the  rest,  and  exceeding  that  which  it  can  sus- 
tain, it  breaks  down ;  the  balance  of  induction  is  thus  destroyed, 
and  the  discharge  is  completed  in  the  line  of  least  resistance. 

In  all  these  cases,  portions  of  the  solid  conductors  are  de- 
tached, and  by  their  ignition  increase  the  brilliancy  of  the  spark. 
This  transfer  of  material  particles  by  the  spark  is  easily  proved, 
for  if  sparks  be  caused  to  pass  between  a  gold  and  a  silver  ball, 
the  surface  of  the  gold  becomes  studded  with  particles  of  silver, 
and  vice  versd.  If  an  iron  chain  be  laid  on  a  sheet  of  white 
paper,  and  a  powerfiil  discharge  be  sent  through  it,  each  link  will 
leave  upon  the  paper  a  stain,  arising  from  the  portions  of  the 
metal  which  have  been  detached ;  and  if  the  discharge  be  effected 
over  a  plate  of  glass,  particles  of  the  metal  are  frequently  forced 
into  it.  The  experiment  may  be  varied  by  suspending  the  chain 
in  a  dark  room,  and  passing  the  discharge  through  it ;  brilliant 
deflagration  of  the  iron  will  be  seen  at  each  link. 

If  the  sparks  be  taken  between  wires  composed  of  different 
metals,  and  the  light  of  each  spark  be  viewed  through  a  prism, 
the  spectrum  will  in  each  case  exhibit  the  bright  lines  due  to  the 
light  of  the  corresponding  metal  in  the  state  of  vapour  (107). 

Sparks  attended  with  disruption  may  also  take  place  in  the 
midst  of  liquid  dielectrics.  More  rarely  disruption  from  the  force 
of  the  discharge  occurs  in  solids :  occasionally  this  is  exemplified 
in  the  Ley  den  jar  itself,  the  tension  upon  the  glass  now  and  then 
rising  so  high  that  the  glass  is  perforated.     Across  this  fracture 
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discharge  always  afterwards  occurs ;  so  that  no  effective  charge  in 
a  battery  can  be  maintained  tiU  the  cracked  jar  is  removed.  This 
disruption  of  glass  may  be  produced  at  pleasure  by  bending  a  wire 
so  that  its  point  may  press  against  the  side  of  a  tube  or  other 
vessel  filled  with  some  liquid  dielectric,  such  as  olive-oil.  On 
charging  the  wire  from  the  prime  conductor,  and  applying  a  ball 
to  the  outside  of  the  tube  opposite  the  end  of  the  wire^  a  spark 
passes,  and  a  minute  perforation  is  produced. 

Great  expansion  of  the  air  occurs  fixjm  the  heat  developed  at 
the  moment  of  the  discharge,  as  is  shown  in  the  following  expe- 
riments. .  Paste  a  strip  of  tinfoil  on  glass,  cutting  it  through  in 
two  or  three  places  with  a  knife ;  place  a  few  wafers  or  other  light 
bodies  over  the  interrupted  points,  then  discharge  a  jar  through 
the  tinfoil,  and  the  wafers  will  be  immediately  scattered  in  all 
directions.  If  a  card  or  half  quire  of  paper  be  placed  in  the  direc- 
tion of  its  thickness  in  the  track  of  the  discharge,  the  card  or  the 
paper  will  be  burst  outwards  on  both  sides. 

Many  pleasing  experiments  may  be  made  by  causing  a  suc- 
cession of  discharges  to  occur  through  such  interrupted  con- 
ductors :  a  beautiftil  display  of  the  electric  light  may  thus  be  ex- 
hibited in  a  darkened  room. 

(ap)  Velocity  of  Discharge. — Of  the  velocity  of  the  spark 
discharge  some  notion  may  be  formed  from  the  brief  duration  of 
its  light,  which  cannot  illmninate  any  moving  object  in  two  suc- 
cessive positions,  however  rapid  its  motion.  If  a  wheel  be  thrown 
into  rapid  rotation  on  its  axis,  none  of  its  spokes  will  be  visible  in 
daylight,  but  if  the  revolving  wheel  be  illuminated  in  a  darkened 
room  by  the  discharge  of  a  Leyden  jar,  every  part  of  it  will  be 
rendered  as  distinctly  visible  as  though  it  were  at  rest.  In  a 
similar  manner,  the  trees  even  when  agitated  by  the  wind  in  a 
violent  storm,  if  illuminated  at  night  by  a  flash  of  lightning,  ap- 
pear to  be  absolutely  motionless. 

By  a  very  ingenious  application  of  this  principle  Wheatstone 
has  shown  that  the  duration  of  the  spark  is  less  than  the  one 
millionth  part  of  a  second.  The  apparatus  is  the  same  in  prin- 
ciple as  the  revolving  wheel. 

By  a  modification  of  the  apparatus,  Wheatstone  was  also 
enabled  to  measure  the  velocity  with  which  the  discharge  of  a 
Leyden  jar  was  transmitted  through  an  insulated  copper  wire. 
He  estimated  the  rate  of  its  passage  at  288,000  miles  in  a  second 
(Phil,  Trans,,  1834,  p.  589).  For  this  purpose  he  employed  an 
iusidated  copper  wire  about  half  a  mile  long,  through  which  a 
Leyden  jar  was   discharged.      This  insulated  circuit  was  inter- 
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rupted  at  three  points;  one  of  these  interruptions  was  within  a 
few  feet  of  the  inner  coating  of  the  Leyden  jar ;  the  second  was 
in  the  middle  of  the  wire,  and  the  third  within  a  few  feet  of  the 
outer  coating  of  the  jar.  The  parts  of  tlie  wire  at  which  these 
tiiree  breaks  in  the  circuit  occurred  were  all  arranged  side  by  side 
on  an  insulated  disk,  so  that  the  three  sparks  could  be  seen 
simultaneously.  In  fig.  191  a  wire  is  represented  as  proceeding 
Fia.  1 


from  the  knob  of  the  jar  to  an  insulated  rod  j  when  the  charge 
attains  a  certain  intensity,  a  spark  passes  between  this  rod  and  a 
small  knob  attached  to  the  axis  of  a  revolving  mirror,  m .-  to 
one  extremity  of  this  axis,  the  wire  which  passes  to  the  outer 
coating  is  fastened ;  but  the  dischai^  b  made  to  traverse  the 
whole  length  of  the  two  intervening  long  contorted  portions  of 
wire,  before  it  reaches  the  outside  of  the  jar.  The  three  sparks, 
if  viewed  by  the  naked  eye,  appear  to  be  simultaneous.  If 
viewed  through  the  glass  plate,  e,  in  a  small  steel  mirror,  m,  to 
which  ia  given  a  regulated  but  extremely  rapid  revolving  motion 
on  an  axis  parallel  to  its  surface,  the  sparka  appear  no  longer  as 
dots  of  light  in  the  same  horizontal  line,  but  present  the  appear- 
ance of  three  bright  lines  of  equal  length.  The  two  outer  ones 
commence  and  terminate  in  the  same  horizontal  line,  hut  the 
middle  one  occurs  later  than  the  other  two,  and  the  angular  posi- 
tion of  the  mirror  has  had  time  slightly  to  advance  before  the 
middle  spark  appears,  which  consequently  exhibits  an  image 
slightly  displaced.  As  the  velocity  of  rotation  of  the  mirror  is 
recorded  by  the  register,  b,  and  the  amount  of  this  angular  dei'ia- 
tion  of  the  image  of  the  central  spark  is  easily  ascertained,  the  re- 
tardation of  the  discharge  by  the  copper  wire,  or,  in  other  words, 
the  velocity  with  which  it  travels  along  it,  can  be  estimated. 

This  experiment  has  another  important  signification,  to  which 
due  weight  appears  hardly  to  have  been  given;  for  it  affords  a 
convincing  proof  of  simultaneous  action  and  reaction  in  the  opera- 
tions of  electricity,  and  of  its  existence  as  a  duplicate  force :  at  the 
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same  moment  that  a  positive  influence  l^ves  the  inner  coatings  an 
equal  amount  of  negative  influence  leaves  the  outer  coating,  and 
these  two  neutralize  each  other  at  the  central  point  of  the  con- 
ductor, after  the  lapse  of  an  extremely  minute  but  still  appreciable 
interval  of  time.  It  appears  fix)m  this  experiment  that  Franklin^s 
theory  (227),  though  in  many  cases  a  simple  and  convenient  mode 
of  explaining  facts,  is  not  the  true  representation  of  the  phenomena. 
The  theory  of  two  fluids,  or  rather  of  two  forces  acting  in  opposite 
directions,  seems  by  this  experiment  to  be  demonstrated. 

The  velocity  of  the  electric  discharge  is,  however,  found  to  vary 
with  the  intensity  of  the  charge,  and  with  the  nature  of  the  con- 
ducting medium  (Faraday,  Phil,  Mag.,  March,  1854).  The  dura- 
tion of  the  discharge  may  be  prolonged  by  causing  it  to  take  place 
through  bodies  of  inferior  conducting  powers.  A  charge  of  a 
given  amount,  if  transmitted  slowly,  may,  by  the  prolonged  period 
through  which  its  heating  powers  can  be  applied  to  a  combustible, 
be  made  to  ignite  bodies,  which  the  same  charge,  if  more  quickly 
transmitted,  would  only  have  dispersed : — for  example,  let  two  me- 
tallic wires  be  brought  within  an  eighth  of  an  inch  of  each  other, 
and  let  a  little  loose  gunpowder  be  placed  over  the  interval — the 
powder  will  simply  be  dispersed  if  the  charge  of  a  Leyden  jar  be  sent 
through  the  wires ;  but  if  a  few  inches  of  wet  string  be  interposed 
in  any  part  of  the  circuit,  the  discharge  will  be  prolonged  sufficiently 
to  fire  the  powder. 

(243)  Striking  Distance. — ^In  air,  whatever  be  its  density,  the 
same  amount  of  charge  produces,  ceteris  paribus,  induction  to  the 
same  extent.     But  the  distance  through  which  the  discharge  of 
equal   quantities  of  electricity  takes  place  in   the  same  gaseous 
medium,  varies  inversely  as  the  pressure.  This  might  be  anticipated, 
since  under  a  double  pressure  double  the  number  of  particles  of 
air  would  exist  in  the  same  space,  and  the  polarity  would  therefore 
be  transmitted  through  double  the  quantity  of  insulating  matter : — 
so  that,  if  a  given  charge  in  air  of  ordinary  density  pass  as  a  spark 
at  2  inches,  at  double  the  usual  pressure  the  striking  distance  would 
be  reduced  to  i  inch ;  at  a  pressure  of  one  half  it  would  be  in- 
creased to  4  inches ;  at  one  quarter,  to  8  inches,  and  so  on,  until 
in  vacuo  theoretically  it  would  pass  through  an  unlimited  distance. 
Experiment,  however,  has  shown  that  a  certain  portion  of  matter, 
though  it  may  be  attenuated  to  an  extent  almost  beyond  the  limits 
of  calculation,  is  necessary  for  the  transmission  of  the  electric  dis- 
chai^e  (312).     If  the  density  of  the  air  continue  to  be  constant,  it 
is  found  that  the  striking  distance  varies  directly  as  the  intensity  of 
the  charge.     For  example :  if  with  a  certain  charge  the  striking 
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Fig.  193. 
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distance  be  i  incli^  a  double  charge  will  discharge  itself  through 
a  inches,  and  a  threefold  charge  through  3  inches  (Harris).  For 
equal  quantities  of  electricity  the  striking  distance  is  inversely  as  the 
extent  of  charged  surface ;  so  that,  when  a  single  jar  is  charged  with 
a  quantity  of  electricity  sufScient  to  produce  a  discharge  at  t%- 
of  an  inch,  on  emplojing  2  similar  jars  with  the  same  quantity, 
the  striking  distance  is  reduced  to  -^,  and  with  3  similar  jars 
to  tV  of  a^  inch.  For  equal  charges,  the  striking  distance, 
however,  varies  in  different  gases,  independently  of  their  relative 
density,  so  that  each  gas  has  a  specific  insulating  power.  Hydro- 
chloric acid  has  twice  the  insulating  power  of  common  air,  and 
three  times  that  of  hydrogen  of  equal  elasticity.  This  is  in 
striking  contrast  to  the  equality  of  inductive  capacity  (237)  in 
all  gases. 

This  inequality  of  insulating  power  was  proved  by  Faraday  by 
opening  to  the  same  charge  two  separate  paths,  one  of  them 
through  air,  the  other  through  a  receiver  filled  with  the  gas  which 

was  to  form  the  subject  of  the  experi- 
ment, as  shown  in  fig.  192.  The  dis- 
tances between  the  balls  were  varied 
until  the  discharge  took  place  with  equal 
facility  in  both  receivers;  the  same 
charge  was  thus  found  to  traverse  double 
the  distance  in  air  that  it  did  in  hydro- 
^  Q        chloric  acid  gas. 

^....L  I     1     I  Rarefaction  of  air,  whether  effected 

by  heat  or  by  mechanical  means,  equally 
favours  the  electric  discharge.  A  jar 
may  consequently  be  discharged  through  several  inches  of  a  com- 
mon flame,  in  which  the  air  is  rarefied  by  heat  to  nearly  six  times 
its  ordinary  bulk,  the  tcmperatiu-e  of  flame  according  to  BecquerePs 
experiments  being  nearly  2200°  F.  A  flame  also  acts  by  its  pointed 
form  in  dissipating  a  charge  with  great  rapidity,  and  its  proximity 
should  be  avoided  in  exact  experiments. 

Dissipation  of  the  electric  charge  in  dry  air  according  to  Mat- 
teucci  is  not  increased  by  agitation  of  the  air.  Further,  if  the 
gases  are  all  perfectly  dry,  and  at  the  same  temperature  and 
pressure,  the  dissipation  of  the  charge  takes  place  with  equal 
rapidity  in  air,  in  carbonic  acid,  and  in  hydrogen.  As  the  tem- 
perature rises,  the  dissipation  of  the  charge  increases  in  rapidity, 
the  loss  of  the  charge  being  twice  as  rapid  at  64^  as  at  32^  F. 
If  the  density  of  the  air  be  reduced,  the  intensity  of  the  charge 
which  an  insulated  body  will  retain  is  reduced  also,  but  the  dissi- 


F\ 


c 

A 


J 


DISSIPATION    OF   CHARGE ELECTRIC    BRUSH.  403 

pation  of  the  charge  is  very  much  diminished.  Matteucci  found, 
when  an  electroscope,  feebly  charged,  was  placed  in  a  receiver, 
exhausted  till  the  pressure  was  reduced  to  o'liS  inch  of  mercury, 
that  the  divergence  remained  unaltered  after  a  lapse  of  two  days. 

The  form  and  size  of  the  spark  depend  upon  the  shape  of  the 
discharging  surfaces  almost  as  much  as  upon  the  intensity  of  the 
charge.  Between  the  roimded  parts  of  the  prime  conductor  and  a 
large  uninsulated  metallic  ball  dense  brilliant  sparks  pass ;  whilst 
if  the  same  ball  be  presented  to  a  wire  which  projects  three  or 
four  inches  from  the  conductor,  and  which  terminates  in  a  ball  an 
inch  in  diameter,  a  long,  forked,  and  often  branching  spark,  re- 
8em])ling  a  miniature  flash  of  lightning,  will  be  obtained. 

When  disruptive  discharge  occurs  between  a  good  conductor 
of  limited  surface  and  a  bad  one  which  exposes  a  larger  surface,  an 
intcrnutting  and  dilute  spark  or  brush  passes,  which,  when  it  occurs 
in  air,  consists  of  a  rapid  succession  of  discharges  to  the  particles  of 
air  around  :  such  a  brush  has  a  bright  root  with  pale  ramifications, 
attended  with  a  quivering  motion  and  a  subdued  roaring  noise. 
Such  brushes  are  well  seen  when,  the  machine  being  in  powerful 
action,  the  conductor  is  made  to  discharge  itself  into  the  air  by 
means  of  a  blunt  rod  which  projects  from  it.  The  brush  is  largest 
from  a  vitreously  charged  surface,  such  as  the  prime  conductor  of 
the  machine.  From  a  negatively  charged  surface  this  discharge 
occurs  at  a  lower  tension,  and  more  resembles  a  bright  point  or 
star  of  light.  The  formation  of  brushes  is  facilitated  by  rarefying 
the  air  around  the  charged  points. 

Some  remarkable  differences  have  been  observed  between  the 
positive  and  the  negative  spark  :  for  equal  intensity  of  charge,  the 
striking  distance,  between  a  good  conductor  positively  charged  and 
an  inferior  conductor,  is  greater  in  air  than  from  the  same  con- 
ductor negatively  charged,  as  may  be  seen  in  using  the  electro- 
pliorus.  The  greater  facility  with  which  positive  electricity  tra- 
verses the  air  may  also  be  shown  in  the  following  manner : — 
Colour  a  card  with  vermilion ;  unscrew  the  balls,  a,  b,  from  the 
discharger,  fig.  190,  and  place  the  points  on  opposite  sides  of  the 
card,  one  about  half  an  inch  above  the  other ;  discharge  4  large 
jar  through  the  card.  It  will  be  perforated  opposite  the  wire 
attached  to  the  negative  coating,  and  an  irregular  dark  line  of  re- 
duced mercury  will  be  found  extending  on  the  positive  side  to  the 
point  of  the  positive  wire.  If  the  experiment  be  made  in  vacuo, 
the  perforation  will  be  formed  midway  between  the  two  wires.  The 
distinction  between  positive  and  negative  electricity  is  also  beau- 
tifully shown  by  what  are  termed  Lichtenberg's  figures,  which 
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may  be  obtained  as  follows  > — Dry  a  glass  plate,  and  draw  lines 
on  it  with  the  knob  of  a  positively  charged  jar,  then  sift  over  the 
plate  a  mixture  of  sulphur  and  minium  in  fine  powder ;  on  in- 
verting the  plate  the  minium  will  fall  off  and  leave  traces  of  the 
lines  in  sulphur.  If  the  experiment  be  made  with  a  jar  nega- 
tively  charged,  the  minium  will  adhere  to  the  traces,  whilst  the 
sulphmr  will  fall  off.  The  explanation  is  very  simple :  by  the 
firiction  in  sifting,  the  sulphur  becomes  negatively,  the  red  lead 
positively  electric,  and  thus  the  sulphur  attaches  itself  to  the  posi- 
tively  electrified  lines  upon  the  glass,  and  the  minium  to  the 
negatively  electrified  lines,  in  accordance  with  the  usual  law  of 
electric  attraction.  The  experiment  may  also  be  varied  in  the 
following  way : — Take  two  circular  tfays  of  tin-plate  half  an  inch 
deep  and  12  or  14  inches  in  diameter,  fill  them  with  melted  resin 
and  allow  them  to  cool ;  cause  sparks  of  positive  electricity  to  fall 
in  8  or  10  places  upon  one  plate,  and  sparks  of  negative  electricity 
in  like  manner  over  the  other;  on  sifting  a  little  brickdust  over 
the  two  plates,  the  dry  powder  will  assume  the  appearance  of 
brushes  over  the  plate  electrified  positively,  and  of  oval  or  circular 
patches  upon  the  negatively  excited  plate.  Other  remarkable 
differences  between  the  sparks  from  positive  and  negative  surfaces 
will  be  mentioned  when  noticing  the  modified  discharges  through 
exhausted  tubes  (312). 

The  colour,  light,  and  sound  of  the  electric  spark  and  brush  vary 
in  different  gases  (106),  the  brush  being  larger  and  more  beautifid 
in  nitrogen  than  in  any  other  gas,  and  its  colour  is  purple  or  bluish. 
The  sparks  in  oxygen  are  whiter  than  in  air,  but  less  brilliant.  In 
hydrogen  they  are  of  a  fine  crimson  coloTir.  In  coal-gas  they  are 
sometimes  green  and  sometimes  red;  occasionally  both  cdlours 
ajre  seen  in  different  portions  of  the  same  spark.  In  carbonic  acid 
the  sparks  resemble  those  taken  in  air,  but  they  are  more  irregular 
and  pass  more  freely. 

(244)  c.  Convection. — ^With  a  feebler  charge  the  sonorous  brush 
is  replaced  by  a  quiet  glow,  attended  in  this  case  with  a  continuous 
dispersion  of  the  charge.  The  process  of  disruptive  discharge 
thus  gradually  passes  into  the  third  method — viz.,  that  by  convec* 
tion.  When  the  glow  is  produced,  a  current  of  air,  the  particles 
of  which  are  individually  charged,  passes  from  the  charging 
surfiEUie.  The  course  of  this  current  may  be  exhibited  by  its 
action  on  the  flame  of  a  taper,  which  will  often  be  extinguished 
if  brought  near  an  electrified  point  which  is  connected  with  the 
machine  in  action ;  and  light  models  may  be  set  in  motion  by  it. 
*  If  the  production  of  the  current  from  the  point  be  prevented^  as 
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by  slieltcring  the  pointed  wire  in  a  varnished  glass  tube,  the 
brush  or  glow  may  be  converted  into  a  series  of  small  sparks. 
These  currents  may  take  place  in  liquid  dielectrics  as  well  as  in 
gaseous  ones.  Let  a  piece  of  sealing-wax  be  fixed  on  the  end  of 
a  wire  and  attached  to  the  conductor  of  a  machine  in  action ;  if 
it  be  softened  by  the  application  of  the  flame  of  a  spirit-lamp,  it 
will  be  thrown  off  in  filaments  towards  a  sheet  of  paper  held  near 
it.  Solid  insulated  particles  may  also  be  the  medium  of  con- 
vective  discharge,  as  is  seen  when  pith-balls  or  other  light  sub- 
stances are  attracted  and  repelled  by  electrified  objects;  and  in 
delicate  experiments  even  the  particles  of  dust  floating  in  the 
atmosphere  are  not  without  effect  in  charging  or  discharging  the 
apparatus  employed. 

The  process  of  convection  assumes  considerable  importance  iu 
the  phenomena  of  voltaic  electricity,  where  it  i&  intimately  con- 
nected with  chemical  decomposition.     (281  et  seq.) 

(245)  Other  Sources  of  Electricity, — Hitherto  we  havq  limited 
our  attention  to  cases  in  which  electricity  is  excited  by  the  friction 
of  dissimilar  substances.  The  development  of  electricity  by  friction 
is,  however,  but  a  special  case  of  a  much  more  general  law,  for  it 
has  been  found  that,  whenever  molecular  equilibrium  is  disturbed, 
a  concomitant  development  of  electricity  takes  place.  The  follow- 
ing instances  will  exhibit  the  variety  of  circumstances  under  which 
this  observation  has  been  made.  The  mere  compression  of  many 
crystallized  bodies  is  attended  by  electric  action  :  a  rhombohedron 
of  Iceland  spar,  if  compressed  by  the  fingers,  exhibits  this  pecu- 
liarity. It  is  also  found  that  all  bodies  that  have  been  pressed 
together,  if  properly  insulated,  offer  signs  of  electricity  on  being 
separated;  although  the  effect  is  most  easily  observed  between  a 
good  conductor  and  a  bad  one.  The  two  bodies  are  always  in 
opposite  states.  Even  where  two  disks  of  the  same  substance  are 
pressed  together,  if  one  be  a  little  warmer  than  the  other,  distinct 
excitement  is  produced,  the  warmer  disk  becoming  negatively  elec- 
trified ;  the  intensity  of  the  charge,  cateris  paribus,  increases  in  all 
cases  directly  as  the  pressure  to  which  they  are  subjected. 

Fracture  is  likewise  attended  with  electric  disturbance;  the 
freshly  broken  surfaces  of  roll  sulphur  often  exhibit  this  effect  to 
an  extent  sufficient  to  produce  divergence  of  the  leaves  of  the  elec- 
troscope when  the  fragments  are  placed  upon  the  cap  of  the 
instrument.  The  sudden  rending  asunder  of  the  laminse  of  a  film 
of  mica  in  a  dark  room,  is  usually  attended  with  a  pale  electrical 
light,  and  the  separated  portions  in  this  case  exhibit  opposite 
electrical  states.     A  melted  substance  in  the  act  of  sdidifyingi 
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sometimes  exhibits  electric  excitement.  If  sulpliur  be  allowed  to 
solidify  in  a  glass  vessel,  it  becomes  negatively  excited,  whilst  the 
glass  is  rendered  positively  electrical ;  ice  also  is  frequently  electric; 
and  the  same  thing  has  been  observed  of  chocolate  as  it  becomes 
solid.  These  results  are  probably  due  to  friction  occasioned  by 
the  contraction  or  expansion  of  the  solid  mass  in  the  mould,  from 
which  it  detaches  itself  by  this  change  of  bulk. 

In  some  instances  simple  elevation  or  depression  of  temperature 
causes  electric  excitement.  These  effects  are  most  distinctly  seen 
in  crystallized  non-conductors  which  are  not  symmetrical  in  form, 
being  produced  in  bodies  which  are  hemihedral.  Tourmaline, 
boracite,  and  the  crystals  of  tartaric  acid,  offer  the  best  examples 
of  this  description.  The  tourmaline,  for  instance,  commonly 
assumes  the  form  of  a  three- sided  prism,  the  edges  of  which  are 
replaced  by  two  narrow  planes.     The  extremities  of  the  crystal  are 

formed  by  the  three  faces  of 
^         Fig.  193.        ^  ^^^  rhombohedron.      No.   i, 

fig.  193,  shows  the  end  of  the 
crystal  which  becomes  positive 
by  heat ;  No.  2,  the  opposite 
end  of  the  crystal  which  be- 
comes negative.  If  a  crystal 
of  tourmaline  be  gently 
heated,  it  becomes  powerfiilly 
electrical  whilst  the  temperature  is  rising,  one  extremity,  termed 
the  analogotis  pole,  becoming  positive,  the  other  extremity,  or 
antilogous  pole,  becoming  negative.*  When  the  temperature 
becomes  stationary,  the  electric  excitement  ceases :  as  the  crystal 
cools  the  effect  returns,  but  the  electric  polarity  is  reversed ;  the 
end  of  the  crystal  that  before  was  positive  now  becomes  negative. 
The  particles  of  the  mineral  are  electrically  polarized  throughout 
the  whole  mass ;  for,  if  the  crystal  be  broken  while  thus  electrified, 

each  fragment  retains  its  pola- 


Fio.  194. 


rity,  being  negative  at  one  end 
and  positive  at  the  other.  In 
fig.  194,  No.  I  represents  a 
tourmaline  in  which  the  tem- 
B  perature    is  rising    uniformly; 


*  The  crystal  must  not  be  too  strongly  heated, — about  300^  F.  being  the 
best  point ;  if  heated  very  strongly,  as  to  750^.  or  beyond,  the  tourmaline  be- 
comes a  conductor  for  a  time ;  it  resumes  its  insulating  power  on  cooling, 
but  is  rendered  hygroscopic  till  af^er  it  has  been  washed  and  dried  at  30(r. 
(Gaogain.) 
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No.  2  the  same  tourmaline  in  which  the  temperature  is  falling 
uniformly ;  and  No.  3  shows  the  effect  upon  a  cooling  tourmaline 
which  has  been  broken  across.  K  the  tourmaline  be  delicately 
poised  upon  its  centre  whilst  cooling,  these  electric  states  may  be 
rendered  apparent  by  bringing  an  excited*  glass  tube  near  to  the 
mineral :  one  extremity  will  be  attracted  by  the  excited  glass  tube, 
while  the  other  extremity  will  be  repelled.  If  one  end  of  the 
crystal  be  connected  with  the  cap  of  a  sensitive  gold-leaf  electro- 
scope, whilst  the  other  extremity  is  in  conducting  communica- 
tion with  the  earth,  the  gold  leaves  will  diverge. 

(246)  Chemical  Action. — No  chemical  changes  take  place 
without  the  development  of  electricity.  If  a  clean  platinum  capsule 
be  connected  with  a  sensitive  electroscope  and  condenser,  and  a 
liquid  which  has  no  chemical  action  on  platinum  be  placed  in  the 
capsule,  no  change  shows  itself;  but  if  any  other  more  oxidizable 
metal  in  conducting  connexion  with  the  earth  be  dipped  into  the 
liquid,  the  liquid  becomes  very  feebly  but  positively  electrified, 
whilst  the  metal  which  has  been  acted  upon  by  it  becomes  negative. 
The  intensity  of  the  chemical  action  in  this  form  of  the  experiment 
has  no  influence  upon  the  extent  of  electric  excitement  displayed. 
If  zinc  be  the  metal  employed,  and  pure  water  the  liquid,  the  signs 
of  electric  action  are  just  as  powerful  as  if  sulphuric  acid  were 
substituted  for  the  water  in  the  capsule ;  for  the  metal  arid  liquid 
being  both  good  conductors,  almost  the  whole  of  the  two  electricities 
liberated,  immediately  neutralize  each  other,  instead  of  passing  one 
to  the  condenser,  the  other  to  the  earth. 

Electricity  is  also  developed  during  the  process  of  combustion ; 
carbon,  for  example,  becoming  negatively  electric,  whilst  the  car- 
bonic acid  is  positive.  In  like  manner  hydrogen  in  the  act  of 
burning  was  found  by  Pouillet  to  be  negative,  whilst  the  vapour 
produced  by  it  was  positive. 

(247)  Electricity  of  Vapour, — The  act  of  evaporation  has  also 
been  asserted  to  be  one  of  the  sources  of  electricity,  but  the  truth 
of  this  statement  is  doubtful.  It  is  true  that  if  a  few  drops  of 
water  fall  upon  a  live  coal,  insulated  on  the  cap  of  the  gold-leaf 
electroscope,  the  leaves  of  the  instrument  diverge.  This,  however, 
is  due  to  the  chemical  action  between  the  coke  and  the  water,  and 
not  to  mere  evaporation ;  for  by  allowing  pure  water  to  evaporate 
in  a  clean  hot  platinum  dish  connected  with  the  electroscope,  no 
signs  of  electric  disturbance  occTir.  Pouillet  found  that  on  allow- 
ing alkaline  solutions  to  evaporate  in  the  capsiQe,  the  electroscope 
became  charged  positively  j  with  acid  solutions,  the  charge  given  to 
the  electroscope  was  n^ative ;  but  Peltier  states  that  these  elec- 
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trical  effects  may  nevertheless  be  due  to  friction,  as  they  do  not 
manifest  themselves  until  the  liquid  is  nearly  all  driven  off,  and  a 
crepitation  of  the  salt  as  it  detaches  itself  from  the  sides  of  the 
capsule  begins  to  occur.  This  is  corroborated  by  Faraday's 
observation,  that  if  the  flish  be  heated  to  redness,  and  pure  water 
be  dropped  in,  so  long  as  it  evaporates  quietly  in  the  spheroidal 
form  (198)  no  electricity  is  developed;  but  the  moment  that  it 
cools  down  sufficiently  to  boil  violently  with  friction  against  tha 
metallic  capsule,  the  leaves  diverge  powerfully. 

In  accordance  with  this  observation,  Faraday  has  explained 
the  development  of  electricity  by  high-pressure  steam,  which  occurs 
to  so  remarkable  an  extent  under  certain  circumstances.  This 
lie  has  traced  to  the  friction  of  water  accompanying  the  steam 
against  the  orifice  of  the  jet  through  which  it  escapes  into  the  air. 
An  insulated  boiler  from  which  steam  is  allowed  to  blow  off  at 
high-pressure  through  long  tubes,  in  which  a  partial  condensation 
of  the  steam  occurs,  furnishes,  as  in  the  hydro-electric  machine  of 
Armstrong,  exhibited  at  the  Polytechnic  Institution,  an  admirable 
source  of  high  electric  power.  In  this  experiment,  the  boiler 
becomes  negative,  the  escaping  steam  being  positive.  It  is 
remarkable  that  the  presence  of  the  smallest  quantity  of  oil  or  of 
essence  of  turpentine  in  the  exit -pipe  reverses  these  electrical  states. 
A  solution  of  acetate  of  lead  produces  a  similar  effect.  Indeed 
the  purer  the  water  that  is  used  in  the  boiler,  the  better  is  it  for 
these  experiments,  and  the  more  uniform  are  the  results.  The 
electric  condition  of  the  steam  was  found  by  Armstrong  to  be  also 
influenced  by  the  material  of  which  the  exit  pipe  was  formed ;  glass, 
lead,  copper,  and  tin,  each  modifying  the  result.  Wood  appeared 
to  be  the  material  best  adapted  for  use  in  forming  the  orifice  of  the 
jet,  as  it  produced  the  highest  amount  of  charge  by  friction ;  some 
bodies,  such  as  ivory,  produced  scarcely  any  electric  effect  when 
i;u9ed  as  jets  to  the  pipe. 

Perfectly  dry  steam  is  in  fact  nearly  as  good  an  insulator  of 
electricity  as  atmospheric  air ;  but,  from  the  facility  of  its  conden- 
sation, it  easily  produces  upon  cold  surfaces  a  film  of  conducting 
matter  which  destroys  the  insulation. 

(248)  Atmospheric  Electricity. — Another  source  of  electricity, 
the  origin  of  which  is  at  present  shrouded  in  mystery,  is  the  atmo- 
sphere itself,  which  affords  displays  of  electric  phenomena  on  the 
most  magnificent  scale.  The  identity  of  lightning  and  electricity 
had  long  been  suspected  by  electricians ;  but  the  proof  of  it  was 
first  devised  by  Franklin,  who,  by  the  simple  expedient  of  raising 
a  bo/s  kite  during  a  thunderstormj  succeeded  in  obtaining  from 


ATMOSPHERIC   ELECTRICITY — LIGHTNING.  409 

the  clouds,  sparks  of  electricity,  with  which  he  charged  Leyden 
jars,  and  performed  some  of  the  usual  electrical  experiments.  Such 
kite-flying,  however,  forms  a  dangerous  kind  of  recreation ;  and 
experiments  on  atmospheric  electricity  proved  fatal  to  Professor 
Richman  of  St.  Petersburg,  who,  a  few  years  after  Franklin^s  dis- 
covery, was  killed  by  a  flash  from  his  apparatus. 

No  sooner  had  Franklin  proved  the  identity  of  lightning  with 
electricity,  than  he  proposed  his  plan  of  averting  the  destructive 
influence  of  lightning  from  buildings,  by  means  of  metallic  con- 
ducting-rods.  In  order  to  render  these  eflBcient,  they  must  pro- 
ject into  the  air  for  some  distance  beyond  the  highest  point  of  the 
building  to  be  protected.  They  must  also  be  sufficiently  thick  to 
carry  ofi"  the  discharge  without  fusion.  This  is  ensured  by  the 
use  of  a  copper  rod  not  less  than  half  an  inch  in  diameter.  The 
pieces  composing  these  rods  should  be  in  metallic  contact  with 
each  other  throughout  their  length,  and  the  conductor  should 
terminate  in  a  bed  of  moist  earth,  or  better  still,  in  a  well  or  body 
of  water,  so  as  to  secure  free  communication  with  the  soil.  If  any 
considerable  metallic  mass,  such  as  a  leaden  roof,  form  part  of  the 
building,  it  should  be  connected  with  the  conductor  by  branch 
rods,  and  should  also  be  furnished  with  branch  conductors  into 
the  earth.  The  conductors  are  best  placed  exterior  to  the  walla 
of  the  building. 

The  explosive  power  of  lightning  is  so  great  that  its  effects 
may  well  excite  our  awe  and  amazement.  A  single  instance  may 
be  cited  in  illustration  of  this  point.  In  November,  1790,  the 
mainmast  of  H.M.  ship  Elephant,  74  guns,  was  struck  by  a  power- 
ful flash  of  lightning.  This  mast  weighed  18  tons,  it  was  3  feet 
in  diameter,  and  no  feet  long,  and  was  strongly  bound  together 
by  iron  hoops,  some  of  which  were  half  an  inch  thick  and  5  inches 
wide ;  yet  it  was  shivered  into  pieces,  and  the  hoops  were  burst 
open  and  scattered  around,  amidst  the  shattered  fragments  of  the 
mast  (Harris).  One  of  the  most  instructive  instances  recorded  is 
that  of  the  Dido,  which,  when  off  Java  Head,  in  May,  1847,  was 
struck  soon  after  daylight,  during  a  storm  attended  with  heavy 
rain  and  little  wind,  by  a  tremendous  bifurcated  flash  of  lightning, 
which  fell  upon  the  main  royal  mast.  One  of  the  branches  struck 
the  extreme  point  of  the  royal  yard-arm,  and  in  its  course  to  the 
conductor  on  the  mast,  demolished  the  yard,  and  tore  in  pieces  or 
scorched  up  the  greater  part  of  the  sail ;  the  other  part  fell  on  the 
vane-spindle  (the  point  of  which  showed  marks  of  ftision)  and 
truck,  which  last  was  split  open  on  the  instant  that  the  discharge 
seized  the  conductor.      From  this  point,  however,  the  explosive 
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action  ceased^  and  the  discharge  freely  traversed  the  whole  line  of 
the  conductor^  from  the  masthead  downward^  withont  doing  further 
damage.  One  of  the  chief  points  of  interest  connected  with  this 
case  is  the  entire  destruction  of  the  yard-arm^  which  was  not 
supplied  with  a  conductor^  and  the  complete  protection  of  the 
mast^  which  was  furnished  with  one.  It  is  also  important  as 
proving  the  incorrectness  of  the  law  of  protection  laid  down  by 
some  French  writers — ^viz.,  that  a  conducting-rod  will  protect  a 
circular  area  having  a  radius  double  the  height  of  the  conductbr 
above  the  highest  point  of  the  building.  In  all  cases^  the  lightning 
will  take  the  path  of  least  resistance,  and,  from  the  recorded  re- 
sults of  experience,  it  appears  that  that  path  of  least  resistance 
will,  in  about  seven  times  out  of  ten,  be  such  that  the  lightning 
will  strike  the  highest  point,  if  it  be  furnished  with  a  good  con- 
ducting line  to  the  earth  or  sea;  but  it  is  quite  possible  that 
instances  may  occur,  in  which  the  line  of  least  resistance  may  be 
in  a  different  direction,  or,  as  in  the  case  of  the  Dido,  that  there 
may  be  two  such  lines  where  the  resistances  are  equal. 

If  a  break  occur  in  any  part  of  the  conductor,  explosion  will 
take  place  at  this  spot  when  a  discharge  of  lightning  is  directed 
upon  the  rod,  producing,  in  many  cases,  fearful  destruction.  One 
of  the  most  awful  catastrophes  of  this  kind  occurred  on  the  i8th  of 
August,  1769,  when  the  tower  of  St.  Nazaire  of  Brescia  was  struck 
by  lightning.  Beneath  this  tower  were  vaults  containing  upwards 
of  90  tons  of  gunpowder,  belonging  to  the  Republic  of  Venice.  The 
whole  of  this  enormous  quantity  of  powder  exploded,  destroying 
one-sixth  part  of  the  city  of  Brescia,  and  burying  3000  persons 
beneath  its  ruins.  On  a  small  scale  the  track  followed  by  the 
electricity  may  be  illustrated  by  sending  a  discharge  through  a 
series  of  interrupted  conductors,  such  as  gold  leaf  pasted  upon  paper. 
The  portions  of  gold  leaf  in  the  line  of  the  discharge  will  be  burned 
up,  whilst  the  contiguous  portions  not  included  in  the  track  of  the 
dectricity  remain  unaltered.  ... 

The  peal  of  thunder  which  accompanies  the  lightning  flash  is 
due,  like  the  snap  which  accoinpanies  the  discharge  of  a  Leyden 
jar,  to  the  sudden  displacement  of  air,  which,  in  the  case  of  light- 
ning, sometimes  extends  tlirough  a  distance  of  a  mile  or  more.  The 
reverberation  of  the  peal  arises  chiefly  from  the  echoes  produced  by 
objects  upon  the  earth,  and  by  the  clouds  themselves.  The  flash 
from  the  thunder-cloud  is  exactly  analogous  to  the  discharge  of  the 
Leyden  jar :  the  cloud  and  the  surface  of  the  earth  form  the  two 
coatings  to  the  intervening  layer  of  air,  which^  as  in  the  case  of  the 
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condenser,  supplies  the  place  of  the  glass,  whilst  a  church  steeple, 
or  any  projecting  object,  acts  the  part  of  a  discharging  rod.* 

But  it  is  not  only  during  a  storm  that  the  atmosphere  exhibits 
signs  of  electricity.  In  fine  weather,  if  a  flame,  or  a  pointed  rod, 
be  connected  with  an  electroscope,  the  instrument  usually  diverges 
positively.  Before  rain,  the  instrument  often  assumes  a  negative 
state :  in  general,  the  rain  that  first  falls  after  a  depression  of  the 
barometer  is  charged  negatively.  It  frequently  happens  that  the 
rain  is  negatively  charged,  although  the  atmosphere,  both  before 
and  after  its  fall,  exhibits  signs  of  positive  charge.  Fogs,  snow, 
and  hail,  if  unattended  with  rain,  are  nearly  always  positively 
charged  in  a  high  degree.  It  appears  to  be  probable  that  the 
clouds  are  almost  always  positive.  In  most  cases,  when  negative 
electricity  is  observed  in  the  instruments  it  is  simply  due  to  an 
efiect  of  induction. 

In  winter,  the  atmospheric  charge  is  usually  higher  than  in 
summer.  According  to  Quetelet,  whose  conclusions  are  based 
upon  a  series  of  Hye  years'  uninterrupted  observations,  the  atmo- 
spheric electricity  attains  an  average  maximum  in  January,  and 
steadily  decreases  till  June,  when  it  is  at  its  minimum :  from  this 
period  it  again  progressively  increases  till  January,  in  which  month 
the  intensity  of  the  electricity  is  thirteen  times  as  high  as  it  is  in 
June.  The  electricity  of  the  air  may  be  stated  generally  to  be 
higher  in  a  cloudless  than  in  a  cloudy  sky.  Only  once  during  the 
months  of  October,  November,  December,  and  January,  has  he 
obtained  proof  of  negative  electricity  in  the  air. 

The  intensity  of  the  charge  varies  likewise  during  each  twenty, 
four  hours ;  it  has  two  maxima  and  two  minima.  The  first  maximum 
is  before  eight  o'clock  a.m.  in  summer,  and  before  ten  a.m.  in 
winter ;  the  second  after  nine  p.m.  in  summer,  and  before  six  p.m. 
in  winter.  The  first  minimum  is  uniformly  about  four  a.m.,  and 
the  second  about  three  p.m.  in' summer,  and  one  p.m.  in  winter. 

The  observations  made  for  some  years  at  the  Kew  observatory 
by  Ronalds,  fiimish  results  closely  according  with  those  of  Quetelet.f 


*  These  electrical  aecumolations  are  often  renewed  with  extraordinary 
rapidity.  On  the  6th  of  July,  1S45,  about  10  p.m.,  after  a  clear  hot  day,  in 
the  masses  of  vapour  forming  a  bank  of  cumuli,  I  counted  in  two  minutes  83 
flashes  unattended  by  thunder ;  and  several  times  during  the  same  evening, 
I  observed  between  30  and  40  discharges  from  one  cloud  to  another,  per 
minute. 

t  For  an  interesting  discussion  of  the  theory  of  the  development  of  atmo- 
spheric electricity,  the  reader  is  referred  to  Delarive'i  Treatise  on  JSlectricitjf, 
Walker's  translation,  vol.  iii.  p.  116,  et  seq. 
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An  ingenious  experiment  by  Becquerel  shows  that  the  inten- 
sity of  the  charge  increases  with  the  elevation  aboye  the  earth's 
surface^  and  according  to  Quetelet's  observations,  the  increase  in 
intensity  is  proportional  to  the  height.  This  law  of  Quetelet  has^ 
however,  been  verified  only  for  heights  not  exceeding^  i6  feet 
Becqucrel's  experiment  was  the  following : — Having  ascended 
Mount  St.  Bernard,  he  attached  one  end  of  an  insulated  gilt 
thread  to  the  shaft  of  an  arrow,  and  connected  the  other  extremitv 
with  the  cap  of  an  electroscope  by  a  running  knot.  The  arrow 
was  then  discharged  in  a  vertical  direction  by  means  of  a  bow;  as 
it  ajscended,  the  leaves  expanded  gradually  till  they  struck  the 
sides  of  the  glass.  When  the  full  length  of  the  thread  was  attained, 
the  upward  motion  of  the  arrow  detached  it  altogether  from  the 
electroscope,  leaving  the  instrument  charged  positively.  On  re- 
peating the  experiment,  shooting  the  arrow  horizontally,  no  chaise 
at  all  wajs  obtained.  Similar  results  may  be  obtained  on  a  clear 
day  by  ascending  a  lofty  eminence  or  building,  to  avoid  the  induc- 
tion of  near  objects,  and  taking  a  gold-leaf  electroscope,  termi- 
nating above  in  a  ball.  The  electroscope  being  now  in  a  neutral 
state,  it  will,  if  elevated  only  for  a  foot  or  two,  diverge  with  posi- 
tive electricity.  On  bringing  it  back  to  its  original  position,  the 
leaves  collapse,  and  on  depressing  it  below  this  point,  the  leaves 
again  separate  with  the  opposite  electricity. 

Electricity  developes  itself  in  the  atmosphere  in  other  forms; 
thus  luminous  brushes,  stars,  and  glows,  have  been  frequently 
observed  in  stormy  weather  on  the  extremities  of  the  masts  and 
yard-arms  of  ships,  on  the  points  of  weapons,  and  occasionally  even 
on  the  tips  of  the  fingers.  These  phenomena  are,  in  fact,  cases  of 
brush  discharge  upon  a  large  scale,  and  are  in  many  instances 
attended  with  a  roaring  noise  like  that  of  a  burning  portfire. 
Appearances  of  this  description  formerly  went  by  the  name  of  St, 
Elmo's  fire ;  our  own  sailors  term  them  comazants, 

(249)  Aurora  Borealia. — ^Another  very  beautiful  meteor  which 
is  sometimes  seen  in  this  countiy  in  clear  frosty  nights,  but  which 
is  observed  very  frequently  in  higher  latitudes,  has  probably  an  elec- 
trical origin.  This  is  the  aurora  borealis.  It  has  been  supposed  to 
be  occasioned  by  the  passage  of  electricity  through  the  rarefied  por- 
tions of  the  upper  regions  of  the  atmosphere  from  the  poles  towards 
the  equator,  but  the  explanation  is  unsatisfactory,  and  not  adequate 
to  account  for  the  efiects  observed.  The  varieties  of  coloured  light 
Exhibited  by  the  aurora  may,  however,  be  imperfectly  imitated  on 
a  small  scale  by  discharging  a  continued  or  an  intermittent  supply 
of  electricity  through  a  vessel  partially  exhausted  of  air. 
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The  forms  which  the  aurora  assumes  are  very  varied,  and  of 
extraordinary  beauty;  there  is,  however,  usually  some  general 
similarity  in  its  aspect  at  the  same  locality.  Commonly,  streams 
of  light  arc  seen  shooting  upwards  from  the  northern  horizon. 
These  streams  are  frequently  observed  to  meet  together  in  the 
zenith,  and  produce  an  appearance  as  if  a  vast  tent  were  expanded 
in  the  heavens,  glittering  with  gold,  rubies,  and  sapphires. 

A  remarkable  connexion  has  been  observed  between  the  aurora 
and  the  magnetism  of  the  earth ;  the  magnetic  needle  being  very 
generally  disturbed  during  a  display  of  the  aurora.  The  arches 
of  the  aurora  most  commonly  traverse  the  sky  at  right  angles  to 
the  magnetic  meridian,  though  deviations  from  this  direction  are 
not  rare.  Sir  J.  Franklin  found  that  the  disturbance  of  the  needle 
was  not  always  proportionate  to  the  agitation  of  the  aurora,  but 
was  always  greater  when  the  quick  motion  and  vivid  light  were 
observed  to  take  place  in  a  hazy  atmosphere.  The  aurora  is  most 
frequent  and  vivid  in  high  latitudes  towards  either  pole,  but  the 
meteor  is  not  confined  to  these  parts,  as  Dr.  Hooker  states  that 
one  of  the  most  brilliant  displays  he  ever  witnessed  was  under  the 
tropical  sky  of  India ;  and  other  observers  have  recorded  instances 
of  its  appearance  in  the  equatorial  districts  of  the  globe. 

The  altitude  of  the  aurora  varies  considerably ;  there  is  no 
doubt,  however,  that  it  frequently  occurs  at  small  elevations. 
Both  Franklin  and  Parry  record  examples  of  its  appearing  below 
the  level  of  the  clouds,  which  they  describe  as  concealed  behind 
the  masses  of  its  light,  and  as  reappearing  when  the  meteor 
vanished.  There  appear  to  be  two  distinct  kinds  of  aurora,  one 
dependent  upon  local  causes,  as  in  the  cases  last  mentioned,  while, 
in  the  other,  the  causes  are  probably  cosmical,  and  the  auroral 
effects  are  seen  at  very  distant  points  of  the  earth's  surface. 
(Sabine.) 

§  III.  Galvanic  or  Voltaic  Electricity. 

(250)  GalvanVs  Discovery. — About  the  year  1790  Galvani 
made  the  observation  that  convulsive  movements  were  produced 
in  the  limbs  of  a  frog  recently  killed,  if  brought  into  contact  with 
two  dissimilar  metals,  such  as  zinc  and  copper,  which  were  them- 
selves in  contact.  The  experiment  may  be  readily  repeated  in  the 
following  manner: — Expose  the  crural  nerve  (n,  fig.  195)  of  a  re- 
cently killed  frog,  touch  it  with  a  strip  of  zinc,  z,  and  at  the  same 
time  touch  the  surface  of  the  thigh,  m,  with  one  end  of  a  bit  of 
copper  wire,  c ;  the  moment  that  the  other  end  of  the  copper  wire 
is  made  to  touch  the  zinc^  the  limb  is  convulsed :  but  the  convul- 
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Fig.  195.  sioDs  cease  when  the  two  me- 

tals are  separated  from  each 
other,  though  they  are  still  in 
contact  with  the  animal  tis- 
sues. Each  time  that  the  zinc 
and  copper  are  made  to  touch 
each  other,  the  convulsion  is 
renewed.  A  live  flounder  laid 
upon  a  pewter  plate  shows  no 
particular  sign  of  uneasiness ;  a  silver  spoon  may  also  be  laid 
upon  its  back  without  any  apparent  eflect :  but  if  the  spoon 
be  made  to  touch  the  pewter  while  it  rests  on  the  fish,  the  animal 
becomes  strongly  convulsed.  If  a  piece  of  zinc  and  a  shilling  be 
placed  one  above  and  the  other  under  the  tongue,  no  particular 
sensation  is  perceived  so  long  as  the  two  metals  are  kept  separate, 
but  if  the  silver  and  the  zinc  be  allowed  to  touch  each  other, 
a  peculiar  tingling  sensation  or  taste  is  experienced ;  and  if  the 
silver  be  placed  between  the  upper  lip  and  the  teeth  instead  of 
under  the  tongue,  each  time  that  the  two  metals  are  brought  into 
contact,  not  only  will  a  taste  be  perceived,  but  a  momentary  flash 
of  light  will  appear  to  pass  before  the  eye. 

These  phenomena  are  all  analogous  to  each  other,  and  have  an 
electrical  origin ;  and  by  tracing  them  to  this  source,  a  branch  of 
electrical  science  has  gradually  been  developed,  which  in  honour 
of  its  first  discoverer  has  been  termed  galvanism.  The  term  gal- 
vanism, or  voltaic  electricity ,  as  it  is  also  called,  in  remembrance 
of  the  researches  of  Volta  in  this  field,  is  applied  to  electricity 
which  is  set  in  motion  by  chemical  action.  It  is  usually  developed 
by  the  contact  of  two  dissimilar  metals  with  a  liquid. 

(251)  Elementary  Voltaic  Circuits. — These  effects  may  be 
traced  by  very  simple  means.  When  a  plate  of  zinc  is  immersed 
in  diluted  sulphuric  acid,  the  metal  becomes  rapidly  dissolved,  and 
an  extrication  of  hydrogen  gas  takes  place,  and  the  zinc  becomes 
dissolved  in  the  sulphiiric  acid.  But  if  the  surface  of  the  zinc, 
after  it  has  been  cleansed  by  immersion  in  the  acid,  be  rubbed  over 
with  mercury,  a  brilliant  amalgam  is  speedily  formed  over  the 
whole  face  of  the  zinc.  Such  a  plate  may  then  be  plunged  into  the 
acid,  and  it  will  remain  without  undergoing  any  chemical  change 
for  hours.  The  cause  of  this  inactivity  of  the  zinc  is  not  satisfac- 
torily accounted  for,  but  the  fact  is  continually  made  use  of  in 
voltaic  experiments.  The  addition  of  a  second  amalgamated  zinc 
plate,  whether  it  be  in  contact  with  the  first,  or  be  separated  from 
it^  produces  no  change.     But  if  the  second  plate  be  of  platinuiD| 
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of  copper,  or  of  some  metal  which  is  less  rapidly  acted  on  by  the 
acid  thaa  zinc  is,  although  no  action  will  occur  vhiJst  the  two 
plates  remain  separate  (as  shown  in  fig,  196,  1),  yet  the  moment 

Fig.  196. 


that  they  are  allowed  to  touch  each  other,  either  above  {2)  or  be- 
neath (3)  the  surface  of  the  liquid,  bubbles  of  gas  will  escape  from 
the  surface  of  the  platinum.  The  platinum,  however,  is  not  acted 
upon  cLcTnically  in  this  case ;  if  the  two  metals  be  weighed  before 
the  experiment  is  commenced,  and  again  after  it  is  concluded,  the 
weight  of  the  platinum  will  be  found  to  be  unaltered ;  but  the 
zinc  will  have  been  partially  dissolved,  and  will  weigh  less  than  it 
did  before.  The  gas  may  easily  be  collected  by  filling  a  tube  with 
diluted  acid,  and,  after  introducing  the  platinum  plate,  inverting 
the  tube  in  the  glass,  so  that  the  lower  edge  of  the  platinum  may 
touch  the  strip  of  zinc  (No.  3).  On  examining  the  gas  which 
rises  in  the  tube  it  will  be  found  to  be  pure  hydn^en.  It  is  not 
necessary  that  the  two  plates  should  directly  touch  each  other. 
They  may  be  connected  by  means  of  a  metallic  wire  (aa  at  4,  fig. 
196),  by  a  piece  of  graphite,  or  by  any  good  conductor  of  elec- 
tricity ;  gas  wm  continue  under  these  circumstances  to  rise  from 
the  platinum  plate ;  but  if  a  glass  rod,  a  stick  of  shell-lac,  a  bit  of 
gutta  pcrcha,  or  any  electric  insulator  be  made  the  medium  of  in- 
tercommunication, all  signs  of  action  will  cease.  The  length  of 
the  metallic  wire  employed  is  comparatively  unimportant  j  it  may 
vary  from  a  few  inches  to  many  miles,  and  in  either  case  it  will 
enable  the  action  across  the  liquid  to  take  place.  A  pair  of  plates 
of  dissimilar  metals  in  efiectual  communication,  either  by  direct 
contact  or  through  the  medium  of  a  wire,  when  immersed  in  a 
liquid  which  acts  chemically  upon  one  of  them,  constitutes  a 
voltaic  circuit. 

(252)  Activity  of  the  Conducting  Wire. — The  wire  or  other  me- 
dium of  communication,  during  the  time  that  it  forms  the  connexion 
between  the  two  metals,  exhibits  signs  of  activity  which  it  did  not 
before  possess  j  it  exerts  a  variety  of  influences  upon  surrounding 
bodies,  and  it  loses  these  powers  immediately  tbat  the  contact 
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with  the  metallic  plates  is  broken.  For  instance,  the  temperature 
of  the  wire  is  for  the  time  elevated.  This  may  be  proved  by 
causing  the  wire  to  traverse  the  bulb  of  a  delicate  air  thermo- 
meter, or  by  making  a  compound  metallic  ribbon,  such  as  is  used 
in  Breguet^s  thermometer  ( 140),  part  of  the  chain  of  communica- 
tion between  the  plates.  If  a  portion  of  the  wire  be  sufficiently 
reduced  in  thickness,  visible  ignition  of  such  portion  may  even 
be  produced.  Indeed  the  quantity  of  heat  given  out  by  the  con- 
necting wire  may  be  employed  as  a  measure  of  the  amount  of  force 
which  it  is  transmitting. 

(253)  Action  of  the  Conducting  Wire  on  the  Magnetic  Needk. 
— Another  remarkable  proof  of  the  activity  of  the  wire  which 
connects  the  two  metallic  plates,  is  exhibited  in  the  peculiar 
influence  which  it  exerts  over  a  magnetic  needle  freely  suspended 
in  a  direction  parallel  to  the  wire.  Such  a  needle  tends  to  place 
itself  at  right  angles  to  the  wire.  If  the  wire  and  the  needle  be 
previously  arranged  in  the  magnetic  meridian,  the  amount  of 
deviation  in  the  needle  affords  a  comparative  measure  of  the  force 
which  is  conveyed  by  the  wire,  as  the  needle  ultimately  assumes  a 
position  of  equilibrium  between  the  directive  power  of  the  earth's 
magnetism  and  that  of  the  wire  (252). 

The  movements  of  such  a  magnetic  needle  afford  one  of  the 
most  delicate  tests  of  the  development  of  galvanic  electricity,  or 
of  electricity  in  motion.  It  will  therefore  be  necessary  to  examine 
the  direction  and  nature  of  these  movements. 

The  direction  of  the  needle  under  any  circumstances  may  easily 
be  calculated  by  recollecting  the  following  rule : — When  the  wire 
is  placed  in  the  magnetic  meridian,  with  the  end  connected  with  the 
zinc  plate  towards  the  north,  and  the  needle  is  placed  beloiv  tlie 
wire,  the  marked  end  will  deviate  westward.      When  the   needle 
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is  above  the  irire,  the  marked  end  wiU  move  towards  the  east. 
The  first  effect  is  shown  in  fig.  197,  i;  the  Becond  ia  2.  On 
reversing  the  attachment  of  the  wire  to  the  plates,  the  phenomena 
will  in  each  case  be  inverted.  By  means  of  a  simple  model,  the 
direction  of  the  needle  under  any  conditions  may  bo  readily  indi- 
cated : — Across  a  square  strip  of  wood  nail  a  cylindrical  piece  at 
right  angles ;  let  the  square  rod  represent  the  magnetic  needle,  the 
round  rod  the  connecting  wire  (fig.  197,  3  and  4},  then  mark 
upon  the  square  rod  the  letters  n  and  s,  and  on  the  round  rod, 
p  and  X,  in  conformity  with  the  rule  just  given ;  by  placing  the 
model  in  any  given  position,  the  relative  effect  of  the  wire  upon 
the  needle  under  these  circumatanceB  will  be  shown. 

Even   the  liquid  part  of  a  voltaic  circuit  Fio.  198. 

acts  tbua  upon  the  magnetic  needle.  Thb  may 
be  shown  by  suspending  a  needle,  n  a,  fig.  198, 
by  means  of  a  fibre  of  silk,  over  a  dish  of 
diluted  sulphuric  acid.  Oq  one  side  of  this 
dish  a  zinc  plate,  z,  is  inserted,  on  the 
other,  a  plate  of  platinum,  ?.  The  needle 
must  be  placed  so  that  one  of  its  ends  may  I 
point  towards  one  plate,  and  the  other  end 
towards  the  other  plate.  If  the  two  plates  be 
DOW  connected  by  a  wire,  as  shown  in  the 
figure,  the  needle  will  be  deflected,  and  will  place  itself  t 
parallel  to  the  metallic  plates. 

{254)  Tfte  Galvanometer. — Since  every  part  of  the  circuit  acts 
equally  upon  the  needle,  and  since  it  is  possible  to  make  several 
parts  act  simultaneously  upon  it,  actions  may  be  rendered  percep- 
tible which  would  otherwise  be  too  weak  to  influence  its  motion. 
Fig.  199  will  convey  an  idea  of  the 
principle  upon  which  this  is  effected. 
Suppose  the  wire  connecting  the  plates 
F  and  z  to  be  bent  into  a  loop  with 
parallel  sides.  If  a  magnetic  needle 
be  suspended  between  the  wires,  and 
parallel  to  them,  the  loop  and  the 
needle  being  both  in  the  magnetic 
meridian,  with  the  eud  N  pointing  to 
the  north,  the  marked  end  of  the  , 
needle  would  be  impelled  westward 
under  the  influence  of  the  force  in  the  upper  branch  ;  and  as  the 
current  returns  in  the  reverse  direction  through  the  lower  wire, 
this  tendency  of  the  north  end  westward  would  be  donbled.     By 
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increasing  the  number  of  coils  "which  are  placed  around  the  needle 
parallel  to  each  other,  very  feeble  actions  may  be  rendered  evident. 
An  instrument  constructed  on  this  principle  is  termed  a  gaJvano^ 
meter. 

The  sensibility  of  the  galvanometer  may,  however,  be  still 
further  increased  by  placing  outside  the  coil  a  second  magnetic 
needle  with  its  poles  reversed;  the  directive  force  of  the  earth 
may  be  thus  almost  exactly  neutralized ;  its  attractive  power  upon 
the  north  end  of  one  needle  being  almost  exactly  counterbalanced 
by  its  repulsive  action  upon  the  south  end  of  the  needle  which  is 
parallel  to  it.  A  pair  of  needles  thus  arranged  constitutes  what 
is  termed  an  astatic  combination.  A  very  feeble  force  will  be  suf- 
ficient to  drive  one  particular  extremity  of  such  a  pair  of  needles 
to  the  east  or  to  the  west ;  but  the  second  needle  being  outside 
the  coil,  will  be  acted  upon  by  the  upper  wires  only,  the  lower  ones 
being  at  too  great  a  distance  to  produce  any  sensible  effect.  The 
action  of  the  upper  wires  upon  the  needle  above  them  coincides 
with  their  action  upon  the  lower  needle,  with  its  reversed  poles : 
and  the  effect  of  a  feeble  current  is  thus  materially  increased  by 
these  combined  actions.  The  conducting  wire  must  be  covered 
with  silk  with  a  view  to  preserve  each  coil  duly  insulated  from  the 
contiguous  ones. 

The  astatic  galvanometer  is  represented  in  fig.  200.  The 
needles,  n  s,  s  n,    are  suspended,  one  within  and  the  other  above 

the  coil  of  wire,  w  w,  by  means  of 
a  fibre  of  silk,  rf,  the  whole  being 
enclosed  within  the  glass  case,  g. 
The  parallelism  of  the  two  needles 
to  each  other  is  maintained  under 
all  circimistances,  by  causing  each 
of  them  to  pass  transversely  through 
the  same  piece  of  straw,  or  by  con- 
necting them  together  by  means  of 
a  piece  of  fine  copper  wire ;  the  fibre 
d  is  attached  to  the  upper  extremity 
of  the  straw  or  the  wire.  By  means 
of  a  screw  at  a,  the  point  of  suspen- 
sion of  the  silk  can  be  raised  or 
lowered  without  twisting  it,  so  that  when  the  needles  are  not  in  use 
their  weight  need  not  be  supported  by  the  silk  fibre,  c  c,  is  a  sheet 
of  copper  provided  with  a  graduation  on  its  margin  for  estimating  the 
angular  deviation  of  the  needles ;  b,  b,  are  binding-screws  for  con- 
necting the  extremities  of  the  coil  with  the  wires  which  transmit 
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the  current  ;*  the  apparatus  can  be  levelled  by  means  of  the  screws, 
m,  m ;  and  at  /,  a  lever  is  shown  by  which  the  coil  of  wire  w,  can 
be  placed  accurately  parallel  with  the  magnetic  needles,  so  as  to 
make  them  coincide  with  the  zero  of  the  graduated  circle.  Such 
an  instrument  may  be  made  not  only  to  indicate  the  existence  of 
voltaic  action,  but  also  to  measure  its  amount.  When  the  devia- 
tions of  the  needle  are  small,  not  exceeding  15°  or  20°,  the  number 
of  degrees  of  deviation  gives  nearly  accurately  the  relative  force ; 
but  for  angles  of  greater  magnitude,  this  is  not  the  case,  because 
the  more  the  needle  deviates  from  parallelism  to  the  wire,  the  more 
obliquely  and  therefore  the  less  powerfully  does  the  force  act  which 
occasions  its  motion ;  and  it  becomes  necessary  to  determine  the 
value  of  the  degrees  by  direct  experiment.  It  would  require  a 
greater  amount  of  power  to  move  the  needle  from  20°  to  25^,  than 
from  10°  to  15° :  and  a  still  greater  to  produce  a  deviation  from 
30°  to  35° ;  but  the  force  required  in  each  case  is  definite,  and 
consequently  may  be  estimated  and  measured,  t 

{255)  Allusion  has  already  been  made  to  the  physiological 


*  Instead  of  binding-screws,  it  is  not  uncommon  to  employ  small  cups 
containing  mercury  as  the  means  of  completing  the  metallic  communication 
between  the  different  parts  of  the  circuit ;  the  ends  of  the  wires  should  be 
made  perfectly  bright  before  immersing  them  in  the  mercury.  Copper  wires 
may  be  easily  amalgamated  superficially  by  scouring  them  with  fine  emery- 
paper  and  moistening  them  witn  a  solution  of  nitrate  of  mercury ;  the  perfec- 
tion of  the  contact  is  thus  ensured. 

t  Melloni's  method  of  graduating  a  galvanometer  is  the  following,  quoted 
bv  Tyndall,  p.  355,  of  his  work  on  Heat  considered  d9  a  Mode  of  Motion  .— 
Two  small  Te8sels,  v,v,  fig.  201 ,  are  half  filled 
with  mercury,  and  connected  separately  by  Fia.  30i. 

two  short  wires,  with  the  extremities,  o  o, 
of  the  galvanometer.  The  vessels  and  wire 
thus  disposed  make  no  change  in  the  action 
of  the  instrument,  the  thermo-electric  cur- 
rent being  freely  transmitted  as  before  from 
the  pile  to  the  galvanometer.  But  if,  by 
means  of  a  wire,  f,  a  communication  l>e 
established  between  the  two  vessels,  part 
of  the  current  will  pass  through  this  wire 
and  return  to  the  pile.  The  quantity  of 
electricity  circulating  in  the  galvanometer 
will  be  thus  diminished,  and  with  it  the  deflection  of  the  needle. 

Suppose,  then,  that  by  this  artifice  we  have  reduced  the  galvanometrio 
deviation  to  its  fourth  or  fifth  part— in  other  words,  supposing  that  the  needle 
being  at  10  or  12  degrees  under  the  action  of  a  constant  source  of  heat  placed 
at  a  fixed  distance  from  the  pile,  that  it  descends  two  or  three  degrees  when 
ft  portion  of  the  current  is  diverted  by  the  external  wire;  I  say  that  by 
causing  the  source  to  act  from  various  distances,  and  observing  in  each  case 
the  total  deflection  and  the  reduced  deflection,  we  have  all  the  data  necessary 
to  determine  the  ratio  of  the  deflections  of  the  needle,  to  the  forces  whioa 
produce  these  deflections. 

To  render  the  exposition  clearer,  and  to  furnish  at  the  same  time  an 
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action  of  the  current,  in  consequence  of  which,  if  a  living  animal, 
or  a  part  of  one  recently  killed,  such  as  the  limb  of  a  frog,  be  in- 
cluded between  a  pair  of  plates,  muscular  contractions  are  pro- 
duced ;  similar  effects  occur  if  a  portion  of  the  human  body,  such 


example  of  the  mode  of  operation,  I  will  take  the  number  relating  to  the 
application  of  the  method  to  one  of  my  thermo-multipliers. 

The  external  circuit  being  interrupted,  and  the  source  of  heat  being  suf- 
ficiently distant  from  the  pile,  to  give  a  deflection  not  exceeding  k  degrees  of 
the  galvanometer,  let  the  wire  be  placed  from  v  to  v ;  the  needle  falls  to  1^*5. 
The  connexion  between  the  two  vessels  being  again  interrupted,  let  the 
source  be  brought  near  enough  to  obtain  sucoessiveTy  the  deflections  :— 

5^  10°,  15°,  20^  35^  30^  35^  40°,  45°- 

Interposing  after  each  the  same  wire  between  v  and  v,  we  obtain  the 
following  numbers : — 

i°-5.  3°.  4°-5.  6°-3.  8^-4,  ii°-2,  iS^'S.  ^^""'4,  39°'7- 
Assuming  the  force  necessary  to  cause  the  needle  to  describe  each  of  the  first 
degrees  of  the  galvanometer  to  be  equal  to  unity,  we  have  the  number  5  as 
tiie  expression  of  the  force  oorrespondmg  to  the  mrst  observation.    The  other 
forces  are  easily  obtained  by  the  proportions : — 

1*5  •  5  =  «  J  «  =  ^  «  =  3*333  « 

(that  is  to  say,  one  reduced  current  is  to  the  total  current  to  which  it  corre- 
sponds, as  any  other  reduced  current  is  to  its  corresponding  total  current), 
where  a  represents  the  deflection  when  the  exterior  circuit  is  closed.  We 
thus  obtain — 

5,  10,  15-3,  31,  28,  37-3, 

for  the  forces  corresponding  to  the  deflections— 

6^  10°,  16^  20^  25s  30^. 

In  this  instrument,  therefore,  the  forces  are  sensibly  proportional  to  the  arcs, 
up  to  nearly  15  degrees.  Beyond  this  the  proportionality  ceases,  and  the 
divergence  augments  as  the  arcs  increase  in  size. 

The  forces  belonging  to  the  intermediate  degrees  are  obtained  with  great 
ease  either  by  eaicmation  or  by  ^phical  construction,  which  latter  is  suf- 
ficiently accurate  for  these  determinations.    By  these  means  we  find — 

Degrees 13°    14*^     15°      16°     17^      18°     19°     ao*^  31° 

Forces     13      i4'i     15*2    16*3    17*4    iS'6    19*8    21     22*3 

Differences     ...         i*i      I'l      I'l       i-i       1*2      1*2     V2    1-3 

*    Degiees  22°     33°     34°     25°  26°     37°     38^     39°     30** 

Forces     335    34*9    26-4    28    297    315    334    353    373 

Differences     ...         1*4      1*5      v6    17      i*8      1*9      1*9       2 

In  this  table  we  do  not  take  into  account  any  of  the  degrees  preceding  the 
13th,  because  the  force  corresponding  to  each  of  them  possesses  the  same 
value  as  the  deflection. 

The  forces  corresponding  to  the  first  30  degrees  being  known,  nothing  is 
easier  than  to  determine  the  values  of  the  forces  corresponding  to  35,  40,  45 
degrees,  and  upwards. 

The  reduced  deflections  of  these  three  arcs  are — 

i5°-3,  22^-4,  39°7. 

Let  us  consider  them  separately,  commencing  with  the  first.  In  the  first 
place,  then,  15  degrees,  according  to  our  calculation,  are  equal  to  15*2 ;  we 
obtain  the  value  of  the  decimal  0*3  by  multiplying  this  fraction  by  the  diffe- 
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as  tte  tip  of  the  tongue,  be  included  between  two  interrupted 
points  of  the  conducting  wire.  But  in  addition  to  the  heating, 
magnetic,  and  physiological  effects,  another  remarkable  series  of 
phenomena^  those  of  chemical  decomposition,  may  be  exhibited  at 
the  interrupted  points  of  the  conducting  wire.  These,  however, 
are  more  distinctly  shown  when  a  number  of  pairs  of  plates  is 
employed. 

(256)  The  Voltaic  Pile. — In  prosecuting  the  experiments  of 
Galvani,  Yolta  discovered  that  by  using  a  number  of  similar 
metallic  pairs  moistened  by  a  saline  or  by  a  feebly  acid  liquid, 
many  of  the  effects  already  described  were  greatly  increased,  and 
in  the  year  1800  he  published  a  description  of  the  apparatus  which 
he  had  contrived,  and  which  has  perpetuated  the  name  of  its 
inventor  under  the  designation  of  the  VoUaic  Pile.  This  im- 
portant instrument  is  represented  in  fig.  3oa.  ^^ 
It  consists  of  a  succession  of  pairs  of  plates 
of  two  dissimilar  metals,  such  as  zinc,  z,  and 
copper,  c,  or  zinc  and  silver,  each  pair  being 
separated  on  either  side  &om  the  adjacent 
pairs  by  pieces  of  card  or  of  flannel,  f,  mois- 
tened with  salt  and  water,  or  with  very  weak 
acid :  these  plates  may  be  supported  by  a  frame 
of  dry  wood.  The  effects  produced  by  such 
an  apparatus  were  soon  seen  to  be  of  an  elec- 
trical character.  If  the  ends  of  the  pile  or 
the  wires  connected  with  them  were  touched,  , 
one  with  each  hand  previously  moistened,  a  ■ 
sensation  similar  to  that  of  the  electric  shock 
was  experienced.  Sparks  could  be  obtained  between  two  pieces  of 
charcoal  attached  to  the  ends  of  the  wires ;  divergence  of  the  gold 


renoe  vi,  which  exist*  between  the  15th  and  i6th  degrees;  for  we  have 
eTidentl  J  the  proportion— 

The  Tslue  of  the  reduced  deflection  correBpondinR  to  the  35th  degree  will 
not  therefore  be  1^3,  but  i5°-a  +  o°-3=  15°  5-  By  similar  considenitiona  we 
find  ag^s  -|-  o°-6  =  a4°i  inatead  of  3a°-4,  and  36^7  instead  of  ag  7  tor  the 
rednced  deflections  of  40  and  45  def^rees.  <  l        i 

It  now  only  remains  to  calculate  the  forces  belonginjE  to  these  three  de- 
flections— 15°5.  a4''i,  and  ge";— by  meani  of  the  eipression  3333  a  ;  this 
gives  u8 — 

The  forces 51;;        80-3        laa's 

For  the  degrees  ...      SST         4°°         45 
Comparing  these  nnmbers  with  those  of  the  preceding  Ub!e,  we  see  that  Uie 
■ensitiveness  of  oar  gslvaaometer  diminishes  considerably  vrhen  we  use  ae- 
fleeliens  greater  Hum  30  degrees. 
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leaves  of  the  electroscope  was  produced  when  one  wire  touched  the 
cap  of  the  instrument,  whilst  the  other  wire  was  in  communication 
with  the  earth;  and  other  electrical  effects  were  obtained.  In 
arranging  the  plates  of  metal  it  is  necessary  strictly  to  observe  a 
certain  order  in  their  succession ;  thus,  if  a  plate  of  zinc  with  a  wire 
attached  to  it  form  the  bottom  of  the  pile,  a  piece  of  wet  flannel 
must  be  placed  upon  it,  then  a  piece  of  copper,  then  a  piece  of 
zinc,  then  flannel,  then  copper,  then  zinc,  then  flannel,  and  so  on, 
till  the  pile  terminates  at  the  top  with  a  plate  of  copper  to  which 
a  wire  is  attached.  By  soldering  together  the  zinc  and  copper 
in  pairs,  a  considerable  improvement  is  effected ;  complete  contact 
of  the  two  metals  is  insured,  and  the  apparatus  can  be  mounted 
with  more  rapidity.  Many  practical  inconveniences,  however, 
are  experienced  when  the  instrument  is  mounted  in  the  form  of  a 
pile :  the  liquid  in  the  flannel  soon  loses  the  power  of  acting 
chemically  on  the  zinc,  and  the  activity  of  the  combination 
rapidly  declines. 

Another  more  effectual  arrangement  adopted  by  Volta  is  shown 
in  fig.  2C3 ;  he  termed  it  the  Crown  of  Cups.     In  this  form,  the 

Fig.  203. 


liquid  in  the  cell  corresponds  to  the  moist  flannel  of  the  pile,  and 
the  zinc  of  one  cell  being  connected  with  the  copper  of  the  adjacent 
cell,  the  arrangement  corresponds  exactly  with  that  of  the  pile, 
where  the  zinc  is  on  one  side  of  the  flannel,  whilst  the  copper  in 
contact  with  the  other  surface  of  the  flannel  communicates  with  the 
zinc  touching  the  flannel  next  above  it,  and  so  on.  Other  more 
efficient  forms  of  the  voltaic  battery  will  be  described  further  on. 

The  Conditions  required  to  produce  Voltaic  Action. 

(257)  Electric  Disturbance  by  Contact  of  Dissimilar  Metals. — 
Having  in  the  foregoing  remarks  traced  the  voltaic  phenomena  to 
a  modification  of  electricity,  we  may  now  proceed  to  examine  more 
particularly  the  conditions  under  which  they  occur. 

It  was  early  observed  by  Volta  that  when  two  different  metalsj 
properly  insulated,  are  brought  into  contact,  and  then  separated 
by  means  of  insulating  handles,  each  plate  exhibits  signs  of  elec- 
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tricity  which  may  be  detected  by  a  sensitive  electroscope  such  as 
Bohnenberger's  (note  §  298).  The  more  oxidizable  metal  is  found 
to  be  positive,  while  the  less  oxidizable  metal  is  negative.  If  zinc 
filings  be  sifted  through  a  piece  of  insulated  copper- wire  gauze 
upon  the  cap  of  a  gold-leaf  electroscope,  the  leaves  of  the  instru- 
ment will  diverge.  On  approaching  the  electroscope  with  an  ex- 
cited stick  of  sealing-wax  the  leaves  will  collapse,  thus  proving  that 
the  zinc  filings  have  acquired  positive  electricity.  If  copper 
filings  be  sifted  through  zinc  gauze,  the  filings  wiU  be  found  to 
be  negative.  The  various  metab  may,  with  reference  to  these 
electric  actions,  be  arranged  in  a  series  in  which  those  first  in  order 
become  positive  by  contact  with  all  those  that  follow,  and  negative 
with  all  those  that  precede :  for  example,  potassium,  zinc,  iron, 
lead,  tin,  copper,  mercury,  silver,  gold,  platinum.  This,  it  may 
be  observed,  is  merely  the  order  of  the  oxidability  of  the  dif- 
ferent metals,  and  Delarive  contends  with  great  probability  that 
the  development  of  electricity  in  Volta^s  experiment  is  due  to  an 
excessively  minute  oxidation  produced  by  the  moisture  of  the  air 
upon  the  plate  which  becomes  positive,  though  the  experiments  by 
which  he  attempts  to  prove  the  point  are  not  absolutely  con- 
clusive. 

Volta  regarded  the  interposed  liquid  of  his  pile  in  the  light 
merely  of  an  imperfect  conductor  which  allowed  induction  to  take 
place  through  it,  the  electrical  equilibrium  being  perpetually  dis- 
turbed by  the  contact  of  the  two  metals ;  and  he  overlooked  the 
chemical  changes  which  the  liquid  is  continually  undergoing. 

(258)  Chemical  Action  essenlial  to  the  Production  of  Voltaic 
Action, — It  is  now  known  that  chemical  changes  are  essential  to 
the  production  of  the  force.  Contact  of  dissimilar  substances,  it 
is  true,  is  necessary  to  the  voltaic  action ;  because  without  contact 
there  can  be  no  chemical  action.  Such  contact  produces  dis- 
turbance of  the  electric  equilibrium  in  the  bodies  which  are  brought 
together,  and  thus  occasions  a  state  of  tension  or  polarity  which 
always  precedes  the  discharge.  Chemical  action,  by  renewing 
these  contacts  and  by  furnishing  appropriate  conductors  to  the 
electricity  thus  accumulated,  maintains  the  action  and  accurately 
measures  its  amount ;  and  until  chemical  action  occurs  no  current 
is  produced.  The  following  experiment  may  be  cited  in  illustra- 
tion of  this  point: — Let  an  iron  wire  be  connected  with  one  ex- 
tremity of  a  galvanometer  of  moderate  sensibility,  and  a  pla- 
tinum wire  with  the  other  extremity ;  immerse  the  ends  of  the 
wires  in  highly  concentrated  nitric  acid  (sp.  gr.  about  1*45)1 
without  allowing  them  to  touch  each  other  in  the  liquid;  no 
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chemical  action  will  occur  upon  the  iron,  and  no  movement  of  the 
magnetic  needle  will  be  produced;  but  the  addition  of  a  little 
water  will  determine  a  rapid  solution  of  the  iron  in  the  acid,  and 
the  needle,  at  the  same  moment  that  the  chemical  action  com- 
mences, will  receive  a  powerful  impulse. 

(259)  Polarization  and  Transfer  of  the  Elements  of  the  Liquid. 
— The  simple  occurrence  of  powerful  chemical  action  is  not  alone 
sufficient  to  produce  a  powerful  voltaic  eflfect.  The  metals  are  all 
excellent  conductors  of  electricity,  and,  in  combining  with  each 
other  to  form  alloys,  they  often  give  evidence  of  intense  chemical 
action,  but  they  do  not  produce  any  adequate  voltaic  effect.  For 
example,  if  a  small  quantity  of  tin  be  placed  in  a  tube  bent  into 
the  form  of  the  letter  U,  and  be  melted  by  the  heat  of  a  spirit- 
lamp,  and  it  be  connected  on  one  side  with  the  wire  of  a  galvano- 
meter, which  is  introduced  into  the  melted  metal  in  one  limb  of 
the  tube,  whilst  into  the  second  limb  of  the  tube  a  platinum  wire, 
connected  with  the  other  extremity  of  the  galvanometer,  is  plunged, 
the  platinum  will  unite  with  the  tin  with  incandescence,  but  after 
the  first  moment  of  contact  but  a  slight  deviation  of  the  magnetic 
needle  will  be  observed,  although  a  brisk  chemical  action  is  con- 
tinued for  several  seconds.  A  solution  of  the  elementary  bodies, 
chlorine  or  bromine,  when  used  as  the  liquid  between  the  plates, 
although  it  acts  powerfully  on  the  zinc,  produces  by  no  means  a 
proportionate  power  in  the  circuit. 

In  order  that  the  liquid  shall  possess  any  marked  power  of 
exciting  voltaic  action,  it  must  be  a  compound  susceptible  of 
decomposition  by  one  of  the  metals,  such,  for  instance,  as  dilute 
sulphuric,  hydrochloric,  or  hydriodic  acid,  or  a  saline  substance, 
such  as  chloride  of  sodium  or  iodide  of  potassium.  This  necessity 
for  the  employment  of  a  compound  liquid  for  exciting  the  force, 
appears  to  arise  from  the  necessity  of  a  peculiar  polarization  in  the 
liquid  in  order  to  enable  it  to  transmit  the  voltaic  action.  Indeed, 
in  all  voltaic  actions  the  transfer  of  power  is  effected  by  a  polar 
influence,  propagated  through  both  the  solid  and  the  liquid  particles 
of  the  circuit,  and  the  chain  of  conducting  material  must  be  con- 
tinuous throughout,  so  that  the  force  shall  circiUate, 

This  process  of  polarization  may  be  conceived  to  occur  in  the 
following  manner,  which  offers  an  explanation  of  the  mode  in 
which  the  platinum  (or  the  plate  of  metal  which  corresponds  to 
platinum)  may  be  supposed  to  act : — When  a  plate  of  pure  zinc 
or  of  amalgamated  zinc  is  immersed  in  a  compound  liquid,  which^ 
like  a  solution  of  hydrochloric  acid  (HCl),  is  capable  of  attack- 
ing it  chemically,  the  metal  at  the  points  of  contact  becomes 
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positively  electrified,  whilst  the  distant  portion  becomes  negative. 
The  layer  of  liquid  in  contact  with  the  zinc  undergoes  polarization^ 
which  affects  each  molecule  of  its  chemical  constituents ;  the  par- 
ticles (C)  of  chlorine  become  negative,  and  the  particles  of  hydro- 
gen (H)  positive :  but  in  this  form  of  the  experiment  there  is  no 
communication  between  the  distant  negative  part  of  the  zinc  and  the 
positively  electrified  particles  of  hydrogen;  consequently,  beyond 
the  production  of  this  state  of  electric  tension,  no  change  ensues. 
This  condition  is  represented  in  fig.  204  (j).  But  the  case  is 
entirely  altered  if  a  plate  of  platinum,  or  of  some  other  metal  which 
is  not  easily  acted  upon  by  the  acid,  be  introduced,  and  made  to 
touch  the  zinc.  By  contact  with  the  zinc  the  platinum  itself  be- 
comes polarized ;  it  imparts  a  certain  amount  of  positive  electricity 
to  the  zinc,  and  receives  a  portion  of  negative  in  return,  and  trans- 
mits the  polar  action  to  the  liquid.  A  chain  of  polarized  particles 
is  thus  produced,  as  represented  in  fig.  182  (2);  the  chlorine  of 

Fig.  304. 


the  particle  of  HCl  nearest  the  zinc  becomes  negative  under  the 
influence  of  the  chemical  attraction  which  exists  between  it  and  the 
zinc,  and  the  hydrogen  becomes  positive :  the  second  and  third 
particles  of  HCl  become  similarly  electrified  by  induction;  but 
the  platinum,  under  the  influence  of  the  induction  of  the  zinc, 
being  negative,  is  in  a  condition  to  take  up  the  positive  electricity 
of  the  contiguous  hydrogen.  The  action  now  rises  high  enough 
to  enable  the  zinc  and  the  chlorine  to  combine  chemically  with 
each  other ;  the  chloride  of  zinc  thus  produced  is  dissolved  by  the 
liquid,  and  is  removed  from  fiirther  immediate  action;  but  the 
particle  of  hydrogen  nearest  the  zinc  now  seizes  the  oppositely 
electrified  chlorine  which  lies  next  to  it,  and  a  new  portion  of 
hydrochloric  acid  is  reproduced,  whilst  the  hydrogen  in  the  second 
particle  of  the  acid  is  transferred  to  the  chlorine  of  the  adjacent 
particle,  and  the  particle  of  hydrogen  which  terminates  the  row  is 
electrically  neutralized  by  its  action  upon  the  platinum,  to  which 
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it  imparts  its  excess  of  positive  electricity,  and  immediately  escapes 
in  the  form  of  gas.  Fresh  particles  of  hydrochloric  acid  conti- 
nually supply  the  place  of  those  which  have  undei^ne  decompo- 
Bitiou,  and  in  this  way  a  continuous  action  is  maintained.  Tbos 
the  transfer  of  electricity  &om  particle  to  particle  of  the  liquid  is 
attended  at  the  same  instant  by  a  transfer  of  the  conatituenta  of 
the  liquid  in  opposite  directions. 

These  changes  are  not  successive,  but  are  ainraltaueous  in  each 
vertical  sectiou  of  the  liquid,  and  are  also  attended  with  corre- 
sponding changes  at  all  points  of  the  entire  circuit.  These  chaises 
when  continued  uninterruptedly  constitute  what  b  conveniently 
termed  a  voltaic  current.  This  term,  '  current,'  is  in  general  use, 
but  it  should  be  borne  in  mind  that  it  is  in  this  sense  employed 
merely  to  signiiy  the  continuous  transmission  of  force,  not  of  any 
material  substance.  In  every  voltaic  current  it  is  assumed  that  a 
quantity  of  negative  electricity,  equal  in  amount  to  that  of  the 
positive  set  in  motion,  is  proceeding  along  the  wire  in  a  direction 
opposed  to  that  in  which  the  positive  electricity  is  travelling ;  and 
it  is  conceived  that  by  the  perpetual  separation  and  recombination 
of  the  two  electricities  in  the  wire,  its  heating  and  other  effects  are 
produced.  In  order  to  avoid  confusion,  however,  whenever  the 
directioH  of  the  voltaic  current  is  referred  to,  the  direction  of  the 
positive  current  alone  is  indicated. 

The  polarization  of  the  metallic  and  liquid  particles  composing 
a  circuit  when  zinc  is  placed  in  an  acid,  or,  in  other  words,  the 
occurrence  of  electric  tension  as  a  preliminaiy  to  the  passage  of 
the  voltaic  current,  may  be  shown  by  the  following  experiment 
(Gasfliot).     A  plate  of  plati- 
Fio.  305.  num,  p,  fig.  205,  and  another 

of  amalgamated  zinc,  z,  are 
immersed  in  dilute  sulphuric 
acid,  and  the  wire  which  pro- 
ceeds from  each  is  insulated 
and  connected  with  the  two 
gilt  disks,  a,  b,  of  the  electro- 
scope, E ;  these  dbks  are  insu- 
lated from  each  other  and  from 
the  ground  by  the  glass  of  the 
apparatus ;  they  slide  easily  to 
and  firo  in  the  sockets,  and  can 
be  brought  within  a  quarter  of  an  inch  or  less  of  each  other ;  a  single 
gold  leaf,  moimted  as  in  the  ordinary  electroscope,  is  suspended 
midway  between  them :  now  if  the  positive  end  of  a  Deluc's  pile 
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(297),  D,  be  brought  near  the  cap  of  the  instrument,  the  gold  leaf 
will  approach  the  disk  a,  which  is  connected  with  the  zinc  plate ; 
the  leaf  becomes  positive  by  induction  from  the  positive  end  of  the 
pile,  and  is  therefore  attracted  by  the  negatively  electrified  disk  a ; 
but  if  the  opposite  end  of  the  pile  d,  which  is  charged  with  nega- 
tive electricity,  be  presented,  the  gold  leaf  becomes  negative,  and  is 
attracted  by  the  positively  electrified  disk  4,  which  is  in  connexion 
with  the  platinum  plate.  The  amount  of  the  electric  tension 
increases  in  proportion  as  the  number  of  pairs  is  increased.  Gas- 
siot  found  with  a  battery  of  4CXD  pairs  of  Grovels  cells,  each  cell 
being  carefully  insulated,  that  a  succession  of  sparks  passed  between 
the  terminals  when  brought  very  near  to  each  other ;  and  if  each 
end  of  the  battery  was  connected  with  a  gold-leaf  electroscope,  the 
leaves  of  each  diverged  powerfully,  the  wire  in  connexion  with  the 
platinum  plate  furnishing  positive,  that  with  the  zinc  plate,  nega- 
tive electricity.  (299.) 

(260)  Energy  of  the  Current  proportionate  to  the  Chemical 
Activity.— In  order  to  produce  a  current,  the  two  metals  which 
are  employed  must  be  acted  upon  by  the  exciting  liquid  with  dif- 
ferent degrees  of  rapidity : — thus,  when  two  similar  slips  of  zinc, 
or  of  any  other  metal,  are  opposed  to  each  other,  no  current  is 
excited.  The  galvanic  action  is  strongest  between  two  metals 
upon  which  the  chemical  action  of  the  components  of  the  exciting 
liquid  diflers  most  widely;  for,  from  what  has  been  already 
stated,  it  is  evident  that  two  strips  of  zinc  would  tend  to  produce 
polarization,  and  subsequently  currents  of  equal  intensity,  in  op- 
posite directions,  so  that  the  two  would  necessarily  neutralize  each 
other.  When  zinc  is  opposed  to  tin,  a  current  is  produced,  set- 
ting out  through  the  liquid  fix)m  the  zinc  to  the  tin ;  zinc  and 
copper  give  rise  to  a  stronger  current  in  the  same  direction; 
whilst  between  zinc  and  platinum  the  current  is  still  more  power- 
ful ;  and  between  potassium  and  platinum  the  action  attains  its 
maximum.  By  forming  an  amalgam  of  potassium,  this  last-men- 
tioned experiment  admits  of  easy  performance;  for  it  has  been 
found  that  the  voltaic  relations  of  all  amalgams  are  the  same  as 
those  of  the  more  oxidizable  metal  which  they  contain.  A  good 
deal  of  the  potassium  is  oxidized  by  what  is  termed  local  action, 
without  contributing  in  any  way  to  the  production  of  the  cmTcnt. 
The  distinction  between  local  action  and  action  which  contributes 
to  the  voltaic  effect  is  important,  and  may  be  illustrated  by  the 
difference  in  action  of  diluted  sulphuric  acid  upon  a  slip  of  ordi- 
nary zinc  and  upon  a  slip  of  zinc  from  the  same  sheet  which  has 
been  amalgamated :  in  the  first  case  rapid  solution  of  the  metal 
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wiU  occur  although  the  connexion  with  the  platinum  plate  may 
remain  incomplete ;  in  the  second^  the  zinc  will  be  attacked  onlj 
when  the  circuit  is  completed ;  but  the  unamalgamated  zinc  will 
produce  no  greater  voltaic  effect  than  an  equal  slip  of  the  metal 
which  has  been  properly  amalgamated.  In  no  instance  is  the 
force  in  circulation  increased  by  the  local  action  on  the  plates, 
whatever  be  the  nature  of  the  metal. 

Wheatstone  has  devised  a  method  (274)  of  measuring  the 
amount  of  the  electro-motive  force,  or  energy  of  the  voltaic  power, 
produced  by  any  combination ;  and  he  has  by  this  means  proved 
conclusively  that  this  energy  depends  upon  the  intensity  of  the 
chemical  action  between  the  elements  of  the  liquid  and  the 
metals  which  compose  the  circuit.  He  has  shown  that  if  any 
three  of  these  dissimilar  metals  be  taken  in  their  electrical  order 
and  be  formed  in  pairs  into  separate  circuits,  the  force  generated 
by  a  combination  of  the  two  extreme  metab  of  the  series  is  equal 
to  the  sum  of  the  forces  developed  when  the  intermediate  metal  is 
separately  combined  with  each  of  the  other  two  in  succession. 
For  example,  the  voltaic  energy,  or  electro-motive  force,  excited 
between  platinum  and  an  amalgam  of  potassium  may  be  repre- 
sented by  the  number  69 :  the  electro-motive  force  between  pla- 
tinum and  zinc,  expressed  in  terms  of  a  similar  standard,  is  equal 
to  40 ;  and  in  a  similar  experiment  between  zinc  and  potassium, 
where  zinc  acted  the  part  of  a  negative  metal  towards  the  potas- 
sium, the  number  obtained  was  29.     Now 

the  amount  of  force  between  platinimi  and  zinc    =  40 
the  amount  of  force  between  zinc  and  potassiimi  =  29 

the  two  taken  together  =  69 

and  this  number,  69,  is  identical  with  that  obtained  by  opposing 
platinum  to  the  amalgam  of  potassium. 

(261)  Direction  of  the  Current  dependent  on  the  Direction  of 
the  Chemical  Action, — In  all  these  cases  the  positive  electricity  sets 
out  from  the  more  oxidizable  metal,  which  may  be  termed  the 
positive,  or  generating  plate,  and  traverses  the  liquid  towards  the 
less  oxidizable  metal  which  forms  the  negative  or  conducting 
plate :  from  the  conducting  plate  the  force  is  transferred  to  the 
wire,  and  thence  in  turn  to  the  generating  plate ;  and  in  this  way 
the  circuit  is  completed.  Unless  tins  circulation  can  take  place, 
all  the  phenomena  of  voltaic  action  are  suspended.  Since  the 
chemical  action  of  any  combination  is  thus  always  in  one  uniform 
direction,  the  motion  of  a  magnetic  needle  under  its  influence  is 
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equally  uniform :  the  amount  of  force  which  is  thrown  into  cir- 
culation, whether  it  be  measured  by  its  magnetic  or  by  its  heating 
effects,  is  proportioned  to  the  quantity  of  the  positive  metal  which 
is  dissolved  in  a  given  time. 

Every  liquid  which  is  active  in  exciting  a  voltaic  current  may 
be  regarded  as  consisting  of  two  groups  of  substances,  one  of 
which  attacks  the  generating  or  positive  plate,  and  may  be  termed 
the  electro-negative  constituent  of  the  liquid,  whilst  the  other  is 
transferred  to  the  conducting  or  negative  plate,  and  constitutes  the 
electro-positive  constituent. 

The  elementary  bodies  have  indeed  been  classified  upon  this 
principle   into   electro-positive  and  electro-negative  substances; 

Electro-chemical  Order  of  the  Principal  Elements. 


Electro-negative. 

Oxygen 

Sulphur 

Selenium 

Nitrogen 

Fluorine 

Chlorine 

Bromine 

Iodine 

Phosphorus 

Arsenicum 

Chromium 

Vanadium 

Molybdenum 

Tungsten 

Boron 

Carbon 

Antimony 

Tellurium 

Titanium 

Silicon 

Hydrogen. 


Gold 

Platinimi 

Palladium 

Mercury 

Silver 

Copper 

Bismuth 

Tin 

Lead 

Cadmium 

Cobalt 

Nickel 

Iron 

Zinc 

Manganese 

Uranium 

Aluminum 

Magnesium 

Calcium 

Strontium 

Barium 

Lithium 

Sodium 

Potassium. 

Electro-positive, 

hydrogen  and  most  of  the  metals  being  electro-positive;  oxygen, 
chlorine,  and  other  substances  of  this  nature  being  electro- negative. 
In  the  preceding  table  the  more  important  of  the  elements  are 
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arranged  in  the  electro-chemical  order  on  the  authority  of  Berze- 
lius.  It  has  been  remarked  that  the  more  strongly  electro-positive 
metals  crystallize  in  forms  belonging  to  the  regular  system,  whilst 
the  non-metallic  elements,  and  those  metab  which  are  most 
electro-negative,  crystallize  generally  in  other  forms. 

It  is  probable  that  the  order  here  followed  is  not  exactly  cor- 
rect. Fluorine,  and  chlorine  perhaps,  ought  to  stand  at  the  head 
of  the  list ;  there  is  no  doubt  that  hydrogen  should  stand  much 
nearer  to  potassium ;  and  according  to  late  experiments  aluminum 
should  take  its  place  between  lead  and  cadmium.  It  is  also  cer- 
tain that  the  elements  do  not  under  all  circumstances  maintain 
the  same  relative  order,  but  that  in  particular  cases  the  order  is 
altered :  for  example,  in  strong  nitric  acid,  iron  is  nearly  as 
electro-negative  as  platinum;  again,  a  metal  may  be  electro- 
positive when  it  forms  the  basyl  of  a  salt,  but  electro-negative  when 
associated  with  the  elements  of  the  acid  constituent.  Indeed  it 
may  be  laid  down  as  an  invariable  rule  that  whenever  the  chemical 
action  is  inverted  the  direction  of  the  current  is  inverted  also. 
The  voltaic  order  of  the  metals  given  above  is  that  which  is  observed 
when  diluted  acids  are  used  as  the  exciting  liquids,  but  it  by  no 
means  represents  the  order  in  which  they  stand  when  the  current  is 
excited  by  the  use  of  a  caustic  alkaline  solution  or  a  sulphide  of 
the  alkaline  metab.  This  point  is  well  exemplified  in  the  follow- 
ing results  given  by  Faraday  {PhiL  Trans,,  1840,  p.  113).  The 
metals  which  stand  first  on  each  hst  are  negative  to  all  those 
which  foUow  them.  The  place  of  iron  in  the  strong  nitric  acid  is 
that  which  it  shows  immediately  on  immersion ;  it  becomes  much 
more  powerfully  electro-negative  afterwards  : — 


Dilate 

Sulphuric 

Acid. 

Dilate 
Nitric  Acid. 

Dilate 

Hydrochloric 

Acid. 

Nitric  Acid 
8p.  Qr.  i'48. 

Solation 

of  Caustic 

Potash. 

YeUow 
Salphide  of 
Potasaiam. 

Silver 

Copper 

Antimony 

Bismuth 

Nickel 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Silver 

Copper 

Antimony 

Bismuth 

Nickel 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Antimony 

Silver 

Nickel 

Bismuth 

Copper 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Nickel 

Silver 

Antimony 

Copper 

Bismuth 

Iron 

Tin 

Lead 

Zinc 

Cadmium 

Silver 

Nickel 

Copper 

Iron 

Bismuth 

Lead 

Antimony 

Cadmium 

Tin 

Zinc 

Iron 

Nickel 

Bismuth 

Antimony 

Lead 

Silver 

Tin 

Cadmium 

Copper 

Zinc 

The  relative  size  of  the  generating  and  conducting  plates  has 
no  influence  upon  the  direction  of  the  current,  which  sets  in  as 
certainly  through    the  liquid  from  a  square   inch  of  zinc  to  a 
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square  foot  of  copper  as  from  a  square  foot  of  zinc  to  a  square 
inch  of  copper.  The  spread  of  this  force  may  be  traced  in  an 
interesting  manner  by  substituting  a  solution  of  aulphate  of  copper 
for  sulplturic  acid  as  a  part  of  the  exciting  liquid ;  copper  mil  be 
thrown  down  instead  of  hydrogen,  and  by  its  colour  and  thickness 
will  very  accurately  indicate  the  extent  and  direction  of  the  action. 
The  experiment  is  easily  made  by  taking  advantage  of  a  property 
possessed  by  porous  diaphragms,  in  consequence  of  which,  a  piece 
of  any  animal  membrane,  or  of  unglazed  earthenware,  which  can 
be  thoroughly  wetted  by  the  liquids,  will  allow  the  current  to 
traverse  it  without  opposing  any  material  obstruction  to  its 
passage.  Diluted  sulphuric  acid  may  thus  be  employed  upon  one 
side  of  the  diaphragm,  and  a  solution  of  sulphate  of  copper  upon 
the  other  side :  under  these  circumstances  a  current  would  be 
&eely  transmitted,  whilst  the  two  liquids  would  be  prevented  from 
intermingling.  For  example,  let  a  piece  "^  —  , 
bladder,  b,  fig.  206,  be  tied  fimdyover  the  lower 
end  of  a  wide  tube  open  at  both  extremities ; 
place  some  diluted  sulphuric  acid,  a,  in  the 
tube,  and  suspend  a  rod  of  amalgamated  zinc, 
z,  in  its  axis ;  support  the  tube  so  that  its  lower 
end  shall  dip  beneath  the  sur&ce  of  a  solution 
of  sulphate  of  copper,  s,  contained  in  a  shallow  ^ 
glass  dish,  upon  the  bottom  of  which  rests  a 
sheet  of  copper,  c :  on  connecting  the  zinc  and  copper  by  the  wire, 
ta,  voltaic  action  will  ensue,  and  a  deposit  of  metallic  copper  will 
be  produced  upon  the  plate,  c.  It  will,  however,  be  observed 
that  this  deposit  does  not  take  place  uniformly  over  the  surface 
of  the  sheet  c,  but  that  it  commences  in  the  centre  in  a  circular 
form ;  the  layer  of  copper  shows  itself  first  at  the  point  imme- 
diately beneath  the  extremity  of  the  zinc  rod,  and  it  is  at  this 
point  that  the  greatest  thickness  of  the  deposit  occurs ;  it  gradu- 
ally becomes  thinner  towards  the  circumference  of  the  circle, 
which,  however,  continues  to  increase  in  diameter  as  the  experi- 
ment proceeds,  until,  if  sufBcient  time  be  allowed,  the  plate  is 
covered  with  reduced  copper. 

Whilst  a  metal  is  thus  rendered  electro-negatiTC  by  voltaic  ac- 
tion, it  is  no  longer  liable  to  the  ordinary  action  of  chemical  agents. 
A  beautiful  application  of  this  principle  was  made  by  Davy  to  the 
prevention  of  the  corrosion  of  the  copper  sheathing  of  ships  by  the 
action  of  sea  water.  Copper  is  the  material  best  adapted  to  pre- 
serve the  timbers  of  the  ship  &om  the  attacks  of  marine  insects 
and  boring  animals ;  bat  this  metal,  when  subjected,  under  ordi- 
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nary  circumstances,  to  the  combined  influence  of  the  salts  dissolved 
in  sea  water  and  of  the  atmospheric  air  which  it  also  holds  in  solu- 
tion, experiences  corrosion,  which  in  the  course  of  a  few  years  ren- 
ders it  necessary  to  renew  the  copper.    It  was,  however,  discovered 
by  Davy,  that  by  placing  pieces  of  zinc,  or  of  cast-iron,  in  contact 
with  the  copper  under  water,  this  corrosion  could  be  prevented; 
and  that  a  surface  of  zinc,  not  exceeding  xi^  of  ^^^^  exposed  by 
the  copper,  was  adequate  to  the  entire  protection  of  the  copper,  the 
whole  of  the  chemical  action  being  transferred  to  the  zinc ;  and 
that  even  when  the  surface  of  zinc  was  reduced  until  it  was  only 
equal  to  tuW  of  ^^^^  of  ^^^  copper,  a  considerable  preservative 
eflfect  was  experienced.     But  the  very  success  of  the  experiment 
in  the  direction  anticipated,  created  difficulties  of  another  kind ; 
earthy  matters,  consisting  of  compounds  of  calcium  and  magnesium, 
were  deposited  from  the  sea  water  by  the  slow  voltaic  action,  and 
they  attached  themselves  to  the  surface  of  the  copper ;  weeds  and 
shell-fish  found  in  this  deposit  a  congenial  pabulum,  the  bottom  of 
the  ship  became  foul,  the  sailing  qualities  of  the  vessel  were  neces- 
sarily impaired,  and  the  system  of  voltaic  protectors  was  aban- 
doned.    For  some  years  past  a  kind  of  brass,  introduced  by  Mr. 
Muntz,  which  admits  of  being  rolled  whilst  hot,  has,  in  the  mer- 
chant service,  been   largely   and  advantageously  substituted  for 
copper  as  a  material  for  ships^  sheathing.      In  this  case  the  zinc 
and  the  copper  are  combined  in  the  sheet  itself,  which  is  less  rapidly 
corroded  than  if  composed  of  either  metal  separately.      The  pro- 
tective influence  of  zinc  both  on   copper  and   on  iron  is  readily 
shown  by  exposing  bright  bars  of  these  metals  in  separate  vessels, 
either  in  sea  water  or  in  a  solution  of  common  salt  containing  an 
ounce  of  salt  in  each   pint  of  water.     If  a  fragment  of  zinc  be 
attached  to  one  of  the  bars  of  copper  and  to  one  of  the  bars  of 
iron,  these  bars  will  remain  bright,  whilst  the  zinc  is  corroded; 
but  the  unprotected  bars  will,  in  a  few  hours,  give  evidence  of  the 
commencement  of  chemical  action. 

Another  remarkable  proof  of  the  dependence  of  the  current, 
for  its  direction  and  its  force,  upon  chemical  action,  is  afibrded  by 
the  manner  in  which  a  voltaic  circuit  may  be  produced  between 
two  surfaces,  one  of  which  has  a  stronger  attraction  for  hydrogen 
than  the  other  possesses.  For  example,  when  two  clean  plates  of 
platinum  are  immersed  in  diluted  acid,  and  connected  with  a  gal- 
vanometer, no  voltaic  action  is  excited ;  but  the  case  is  difierent  if 
one  of  these  plates  be  first  coated  with  a  film  of  some  metallic 
peroxide,  such  as  peroxide  of  manganese  [MnO^^  peroxide  of  lead 
(PbO^,  or  peroxide  of  silver  (Ag^Oj,).  The  platinum  plate  maybe 
thus  coated  by  immersing  it  in  a  solution  of  sulphate  of  manga- 
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nese,  of  nitrate  of  lead,  or  of  nitrate  of  silver,  and  connecting  it 
with  the  platinum  side  of  a  weak  voltaic  arrangement  for  a  few 
minutes,  whilst  the  liquid  is  connected  by  a  second  plate  with  the 
zinc  end  of  the  battery :  the  plate,  after  it  has  been  thus  coated 
with  the  oxide,  must  be  well  washed  with  distilled  water.  If  it 
be  then  opposed  to  a  plate  of  clean  platinum,  and  immersed  in 
any  diluted  acid,  it  will  originate  a  current  which  depends  upon 
the  chemical  attraction  of  the  hydrogen  of  the  diluted  acid  for 
the  second  atom  of  oxygen  in  the  peroxide.  In  a  combination 
of  this  description  the  clean  platinum  becomes  positive,  and  corre- 
sponds to  the  zinc  plate,  whilst  the  coated  platinum  becomes 
negative.  The  coated  plate,  although  negative,  thus  becomes  the 
generating  or  active  surface,  and  transmits  the  current  at  once  to 
the  conducting  wire. 

Faraday  has  shown  that  the  direct  contact  of  dissimilar  metals 
is  not  necessary  to  the  production  of  the  voltaic  current,  provided 
that  they  are  connected  by  some  liquid  of  suflScient  conducting 
power.  This  is  a  point  of  considerable  importance,  as  it  shows 
that  Volta's  theory  of  the  origin  of  the  force,  which  is  still  main- 
tained by  many  philosophers  who  have  not  made  the  chemical 
phenomena  of  the  pile  their  especial  study,  is  deficient  in  accuracy. 
The  following  is  the  simple  experiment,  which  proves  the  point 
now  under  discussion :  z,  fig.  207,  is  a  plate  of  -^jq  207 
zinc,  bent  at  a  right  angle ;  p,  a  platinum  plate, 
to  which  a  platinum  wire  is  attached.  At  a, 
a  small  piece  of  blotting-paper,  moistened  with 
a  solution  of  starch  and  iodide  of  potassium,  is 
interposed  between  the  plate  of  zinc  by  which 
it  is  supported  and  the  platinum  wire  which 
rests  upon  it ;  no  change  occurs  in  the  solution 
of  the  iodide  until  the  two  plates  are  immersed 
in  diluted  nitric  acid;  but  in  a  few  minutes 
after  such  immersion,  evidence  of  a  current  in  the  direction  of  the 
arrow  is  afforded,  by  the  appearance  of  a  blue  spot  against  the 
platinum  wire,  due  to  the  liberation  of  iodine,  from  the  decom- 
position of  the  iodide  of  potassium  by  the  voltaic  action. 

(262)  Circuits  with  one  Metal  and  two  Liquids, — For  the 
establishment  of  a  voltaic  current,  it  is  further  necessary  that  the 
body  which  decomposes  the  liquid  be  a  conductor  of  electricity,  in 
order  to  carry  off  the  force  generated ;  but  it  is  not  necessary  to 
use  two  dissimilar  metals,  provided  that  one  extremity  of  the  metal 
be  plunged  into  a  liquid  capable  of  acting  on  it,  whilst  the  other 
extremity   dips   into   a  different  liquid  which  has  little   or  no 
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action  oa  the  metal,  but  -which  communicates  iredy  with  the 
first  liquid. 

Take,   for  example,  a  tube  bent  into  the  form  represented  in 
fig.  3o8,  I.     Place  a  plug  of  tow  in  the  bend ;  into  one  limb,  a, 
Fta.  aoS. 


poor  a  solution  of  chloride  of  copper  (Cu  CI,),  in  the  other  limb,  b, 
place  a  solution  of  common  salt  (NaCl)  (chloride  of  sodium). 
Connect  the  open  ends  of  the  tube  by  bending  a  atrip  of  copper  ao 
that  one  end  of  it  shsll  dip  into  the  solution  of  copper  and  the 
other  end  into  the  solution  of  salt.  Crystals  of  copper  will  be 
formed  gradually  upon  the  end  of  the  strip  which  is  immersed  in 
the  metallic  solution,  whilst  the  end  of  the  strip  which  is  immersed 
in  the  salt  and  water  will  be  slowly  corroded,  and  chloride  of 
copper  will  be  formed.  The  following  diagram  may  assist  in  ex- 
plaining this  change : — 

■    (i.)   Ca  I    CuClaCuCl,   I   Na^Cl^NagCla  |    Ca 

(2.)  CuCu  I  Cl,Ctt,Cl,    I   Na^ClgNaaaaCa   | 

Let  the  symbol  Cu  C\  represent  the  combination  of  chloride  of 
copper,  Na,C1,  that  of  chloride  of  sodium,  the  line  at  a  being  used 
to  show  the  position  of  the  plug  of  tow.  If  No.  i  indicate  the 
state  of  things  befiire  any  change  has  occurred,  Ko.  2  will  repre- 
sent the  change  after  the  circuit  is  complete. 

If  the  strip  of  copper  be  divided  in  the  middle,  and  the  two 
ends  be  connected  with  a  galvanometer,  g,  as  shown  in  fig.  208,  2, 
a  current  is  found  to  be  circulating  through  the  apparatus.  A  still 
simpler  arrangement  may  be  adopted ;  if  a  long  straight  tube  be 
filled  half  fiill  with  diluted  sulphuric  acid,  and  the  remainder  with 
a  solution  of  sulphate  of  copper,  a  strip  of  copper  plnnged  into  it 
will  be  dissolved  below,  while  an  equal  amount  of  copper  will  be 
deposited  on  the  upper  eitremi^ ;  tzom  the  eztrenie,  slowness  and 
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regularity  of  the  action^  the  metal  i^ill  assume  the  form  of  crystals. 
Becquerel^  by  using  various  liquids  in  the  two  limbs  of  the  bent 
tube  (No.  i)  has  obtained  many  of  the  metals  crystallized  in  forms 
of  great  beauty. 

By  employing  two  dissimilar  metals  in  the  metallic  arc^  as  p  z, 
(fig.  208^  3)  a  more  powerftd  but  equally  regular  action  may  be 
excited.  If  a  solution  of  common  salt  be  placed  in  one  limb^  b^ 
and  a  solution  of  green  chloride  of  iron  in  the  other^  a,  whilst  the 
zinc  end  of  a  compound  arc  of  zinc  and  platinum  is  plunged  into 
the  firsts  and  the  strip  of  platinum  is  immersed  in  the  second 
liquid,  tetrahedral  crystals  of  iron  will  in  a  few  days  be  deposited 
upon  the  platinum.  If  a  little  chloride  of  iron  be  mixed  with 
chloride  of  zirconium,  and  substituted  for  the  chloride  of  iron  in 
the  limb  a,  plates  of  zirconium  will  be  obtained,  of  a  steel-gray 
colour,  and  which,  by  exposure  to  the  air,  become  oxidized  and 
fall  to  a  white  powder. 

Bccqucrel  has  shown,  that  within  the  strata  of  the  earth  similar 
actions  are  going  on ;  and  R.  W.  Fox  and  others,  by  connecting 
the  surfaces  of  two  contiguous  lodes  of  metallic  ore  by  means 
of  wires  attached  to  a  galvanometer,  have  succeeded  in  demon- 
strating to  the  eye  the  existence  of  these  feeble  but  continuous 
currents  which  are  probably  the  cause  of  the  accumulation  of  the 
different  metals  in  regular  beds,  and  of  their  beautiful  crystalline 
arrangement. 

Other  combinations  may  be  produced,  in  which  the  mutual 
action  of  the  two  liquids  originates  the  current,  the  metal  merely 
serving  as  a  conductor.  Becquerel  was  the  first  to  point  out  the 
means  of  obtaining  circuits  of  this  description,  of  which  the  fol- 
lowing is  a  good  example : — If  a  small  porous  vessel  be  filled  with 
nitric  acid,  and  be  immersed  in  a  second  vessel  containing  a  solu* 
tion  of  hydrate  of  potash,  on  plunging  two  platinum  plates  con* 
iiectcd  with  the  wires  of  a  galvanometer,  one  into  the  acid,  the  other 
into  the  alkaline  liquid,  a  steady  current  of  considerable  intensity 
will  be  produced,  and  will  be  maintained  for  many  days,  in  a 
direction  passing  from  the  potash  to  the  nitric  acid,  and  thence 
returning  through  the  galvanometer  to  the  alkaline  liquid.  A 
still  more  powerful  combination  was  obtained  by  Matteucci  on 
substituting  a  solution  of  pentasulphide  of  potassium  for  the  caustic 
potash.  A  single  cell  of  this  construction  decomposed  acidulated 
water  if  interposed  between  the  platinum  wires,  and  on  breaking 
contact  a  distinct  spark  was  perceptible  at  the  surface  of  the 
mercury  employed  to  connect  the  two  platinum  wires.  Arrott 
[Phil,  Mag,  xxii.  427)  has  described  a  variety  of  other  cases  of  this 
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Jiind.  These  actions,  however,  will  be  more  conveniently  studied 
in  connexion  with  the  chemical  effects  of  the  voltaic  battery  at  a 
future  point  (289). 

(263)  Summary. — ^The  conditions  necessary  to  the  production 
of  a  voltaic  current  may  be  shortly  recapitulated  as  follows : — 
Though  the  contact  of  dissimilar  metals  produces  electric  dis* 
turbance,  chemical  action  is  necessary  to  propagate  the  voltaic 
current.     This  chemical  action  must  be  produced  by  means  of  a 
compound  liquid,  which  is  decomposed  in  the  process,  one  of  the 
constituents  of  the  liquid  entering  into  combination  with  one  of 
the  metals.     In  the  transmission  of  the  voltaic  power,  a  polariza- 
tion of  the  liquid,  as  well  as  of  the  solid  portions  of  the  circuit, 
is  produced,  and  this  polarization  of  the  liquid  is  attended  with 
the  separation  of  its  constituents  into  two  groups,  one  of  which 
unites  witli  the  positive  metal,  whilst  the  other  makes  its  appear- 
ance at  the  same  moment  upon  the  negative  plate.     The  activity 
of  the  combination,  or  its  electro-motive  force,  is  greater,  tlie 
greater  the  difference  between   the  chemical   attraction   of  the 
electro-negative  constituent  of  the  exciting  liquid   for  the  two 
metals  which  are  opposed  to  each  other  in  the  particular  case. 
The  relative  size  of  the  plates  employed  has  no  influence  on  the 
direction  of  the   current  which  is  produced.      Contact   of  two 
metals  is  not  necessary  to  the  production  of  voltaic  action  :  cir- 
cuits may  be  formed  between  one  metal  and  two  liquids,  if  the 
liquids  be  in  liquid  communication  with  each  other,  and  if  their 
chemical  attractions  for  the  metal  be  unequal.     It  is  even  pos- 
sible to  obtain  a  current  from  the  mutual  action  of  two  dissimilar 
liquids,  if  these  liquids  exert  a  chemical  action  upon  each  other, 
by  connecting  the  liquids  through   the  intervention  of  a  metal 
upon  which  they  exert  no  chemical  influence,  and  which  therefore 
simply  performs  the  part  of  a  conductor. 

Different  Forms  of  the  Voltaic  Battery, 

(264)  Counteracting  Currents:  Gas  Battery. — We  shall  now 
resume  the  consideration  of  those  forms  of  voltaic  combination 
which  are  the  most  important  in  practice,  and  in  which,  generally, 
two  dissimilar  metals  are  employed. 

It  has  been  already  stated  tliat  the  amount  of  force  set  in 
motion  in  a  voltaic  arrangement,  depends  upon  the  difference  be- 
tween the  attraction  of  the  two  metals  for  the  active  principle  or 
radicle  of  the  acid.  Under  circumstances  favourable  to  the  pro- 
duction of  a  current,  decomposition  of  the  liquid  which  excites  the 
action  always  occurs;  the  elements  of  the  liquid  are  separated  from 
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each  other,  and  they  either  combine  with  the  metallic  plate,  or 
else  they  accumulate  upon  its  surface,  giving  rise  to  the  condition 
of  the  plates  which  is  often  described  under  the  inappropriate  term 
polarization  of  the  plates  or  electrodes.  These  adhering  sub- 
stances oppose  the  voltaic  action  and  enfeeble  it,  owing  to  the 
tendency  of  the  separated  components  of  the  liquid  to  rc-unite. 
When,  for  example,  diluted  sulphuric  acid  is  used,  it  becomes  a  de- 
sideratum to  get  rid  of  the  hydrogen  which  adheres  to  the  platinum, 
and  produces  a  current  in  the  opposite  direction.  The  existence 
of  this  counter-current  may  be  rendered  evident  by  connecting 
with  one  end  of  the  wire  of  a  galvanometer  a  platinum  plate  which 
has  been  thus  opposed  to  a  plate  of  zinc :  on  attaching  to  the 
other  end  of  the  galvanometer  wire  a  second,  but  clean  platinum 
plate,  and  plunging  both  into  diluted  acid,  a  powerful  deflection  of 
the  needle  will  be  observed. 

This  observation  has  been  ingeniously  applied  by  Grove,  who 

« 

has  constructed  what  he  terms  a  gas  battery,  by  opposing  a  plate 
covered  with  oxygen  to  the  plate  coated  with  hydrogen,  whilst  at 
the  same  time  he  increases  the  surfeces  of  contact  between  the 
platinum  and  the  oxygen  and  hydrogen.  Fig.  209 
represents  a  cell  of  this  battery.  It  consists  of  two 
tubes,  o  and  h  ;  through  the  upper  extremity  of 
each  passes  a  platinum  wire,  which  is  fused  into 
the  glass,  and  attached  to  a  platinum  plate  suffi- 
ciently long  to  reach  to  the  bottom  of  the  tube. 
The  surfaces  of  these  plates  are  coated  by  means 
of  voltaic  action  with  finely-divided  platinum,  for 
the  purpose  of  increasing  the  surfaces  of  contact 
lictween  the  metal  and  the  gas.  The  tube  h  has 
double  the  capacity  of  the  tube  o.  These  tubes 
are  supported  in  the  vessel  s,  by  the  plug  through 
which  they  pass.  In  order  to  use  the  apparatus, 
the  vessel  s  is  filled  with  diluted  sulphuric  acid, 
and  by  inverting  the  cell  the  tubes  are  likewise 
filled  with  the  liquid.  ITie  plates  in  the  tubes  o 
and  H  are  then  connected  by  the  mercury  cups  at 
top  with  the  wires  of  a  voltaic  battery  in  action,  so  that  by  the 
decomposition  of  the  diluted  acid  the  tube  o  shall  become  filled 
with  oxygen,  and  the  tube  h  with  hydrogen.  The  tubes  having 
been  thus  filled,  the  battery  wires  are  withdrawn.  If  the  mer- 
cury cups  at  the  top  of  the  tubes  o  and  h  be  now  connected  with 
the  wires  of  a  galvanometer,  powerful  deflection  of  the  needle  will 
be  produced,  and  a  current  will  be  maintained  through  the  appa- 
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ratus  in  the  direction  of  the  arrows.  The  two  gases  will  gradually 
diminish  in  bulk,  and  will  in  a  few  days  entirely  disappear,  but 
the  current  will  be  maintained  so  long  as  any  portions  of  the  gas 
remain  uncombined.  By  connecting  8  or  lo  such  cells  in  suc- 
cession, so  that  the  oxygen  tube  of  one  cell  shall  be  connected 
with  the  hydrogen  tube  of  the  adjacent  cell,  sparks  may  be  obtained 
between  charcoal  points,  and  various  chemical  decompositions  may 
be  effected.  The  polar  chain  by  which  these  changes  arc  produced, 
may  thus  be  represented  by  symbols :  Hg  SO^,  indicating  an  atom 
of  diluted  acid,  O  and  H^  representing  the  disturbing  atoms  of 
oxygen  and  hydrogen : — 

0  Hg  SO^  Hj,  SO^  Hg  SO,  Hg 

The  brackets  above  the  row  of  svmbols  are  intended  to  show 
the  molecular  arrangement  before  the  circuit  is  completed ;  those 
beneath  the  symbols  show  the  action  during  the  passage  of  the 
current. 

Since  no  action  occurs  in  the  gas  battery  until  metallic  com- 
munication between  the  plates  is  effected,  it  appears  that  the  use 
of  the  platinum  plates  consists  in  favouring  the  action  by  con- 
densing  the  gases  upon  their  porous  surfaces,  and  in  acting  as 
conductors  of  the  current. 

It  may  indeed  be  stated  generally,  that  the  accumulation  of 
either  of  the  elements  of  the  exciting  liquid  upon  the  metallic 
plates  of  a  voltaic  combination,  always  tends  to  produce  a  counter- 
current,  and  therefore  reduces  the  eflSciency  of  the  combination  to 
a  proportionate  extent.  Hydrogen  is  the  element  which,  in  the 
usual  mode  of  experiment,  principally  accumulates  upon  the  nega- 
tive plate,  so  that  any  contrivance  by  which  the  adhering  hydrogen 
is  removed,  exalts  the  energy  of  the  circulating  force.  This  removal 
of  the  hydrogen  may  be  effected  by  means  which  act  either  on 
chemical  or  on  mechanical  principles.  The  chemical  principle  is 
the  most  perfect.  It  consists  in  adding  to  the  liquid  a  compound 
which  has  a  tendency  to  unite  with  the  hydrogen ;  hence  the 
energy  of  the  current  is  much  increased  by  mixing  a  little  nitric 
acid  (H,NOg)  with  the  exciting  liquid,  comparatively  little  hy- 
drogen being  set  free  in  this  case.*  The  same  end  is  attaitied  by 
adding  to  the  sulphuric  acid  a  solution  of  some  of  the  metallic 
salts,  such,  for  instance,  as  sulphate  of  copper  {Cu,SO^,  When 
sulphate  of  copper  is  employed,  metallic  copper  is  deposited  upon 


*  By  the  action  of  hydrogen  on  nitric  acid,  peroxide  of  nitrogen  (N0|) 
and  water  are  formed,  thus :  KNO,+H=I^  0,+H,0. 
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the  negative  or  conducting  plate,  whilst  the  sulphuric  acid  radicle, 
with  which  it  was  previously  united,  combines  with  the  zinc.  A 
disadvantage,  however,  is  experienced  when  the  liquid  which 
absorbs  the  hydrogen  is  in  contact  with  the  zinc,  and  this  is  par- 
ticularly evidenced  when  sulphate  of  copper  is  used.  The  zinc 
acts  at  once  on  the  solution  of  copper,  and  becomes  coated  with 
reduced  copper ;  hence,  between  the  particles  of  zinc  and  those  of 
the  reduced  copper  innumerable  small  circuits  arc  produced,  which 
occasion  a  violent  discharge  of  hydrogen  from  the  entire  surface 
of  the  generating  metal,  or  rather  from  the  copper  deposited  upon 
it ;  but  the  zinc  thus  dissolved  contributes  nothing  to  the  general 
eflFect ;  it  becomes  merely  a  case  of  local  action  (260). 

This  experiment  with  the  sulphate  of  copper  throws  light  upon 
the  cause  of  the  effervescence  which  takes  places  when  common 
zinc  is  treated  with  diluted  sulphuric  acid.  Commercial  zinc 
always  contains  lead  and  other  foreign  metals  mixed  with  it  in 
very  appreciable  quantity ;  these  act  as  dischargers  to  the  hydrogen, 
and  give  rise  to  numerous  local  circuits  at  all  points  of  the  surface 
of  the  zinc.  Perfectly  pure  zinc  is  dissolved  very  slowly  in  acid 
for  want  of  these  discharging  points,  but  the  acid  is  not  absolutely 
without  action  upon  the  metal.  Any  inequality  in  susceptibility 
to  chemical  action  gives  rise  to  a  current  between  two  substances 
suitably  disposed ;  hence  any  difference  in  density  between  two 
pieces  of  the  same  metal  may  suffice  to  cause  a  current ;  and  a 
piece  of  hammered  zinc  will  generally  act  as  a  conducting  plate  to 
a  piece  of  zinc  well  annealed.  The  adherence  of  a  film  of  oxide  or 
of  fatty  matter  to  the  surface  of  one  piece  will  also  cause  a  diffe- 
rence, and  hence  two  pieces  of  metal  which  may  even  have  been 
cut  from  the  same  strip,  may,  under  certain  circumstances,  pro* 
duce  a  feeble  current. 

The  inconvenience  which  is  occasioned  by  local  action,  when 
nitric  acid  or  sulphate  of  copper  is  mixed  with  the  liquid  which  is 
in  contact  with  the  zinc,  may  be  avoided  by  the  employment  of 
porous  diaphragms ;  and  if  the  zinc  or  generating  plate  be  plunged 
into  diluted  sulphuric  acid,  whilst  the  platinum  or  conducting 
plate  is  made  to  dip  into  the  nitric  acid  or  into  the  solution  of 
sulphate  of  copper,  which  is  separated  from  the  generating  plate 
by  means  of  a  tube  of  porous  earthenware,  combinations  of  great 
efficiency  are  obtained. 

(265)  DanielVs  Battery. — These  important  facts  were  first 
clearly  enunciated  by  DanieU.  Their  application  to  the  voltaic 
battery  enabled  him  to  detect  the  cause  of  the  rapid  decline  in  tho 
activity  observed  in  all  the  forms  of  batteries  which  up  to  that 
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period  had  been  devised,  and  they  led  him  to  the  inTention  of  an 
arrangement  which  not  only  obviated  these  defects,  and  enabled 
him  to  keep  up  a  current  of  uniform  strength  for  many  hours,  bnt 
also  furnished  electrical  science  vith  a  battery  of  far  greater  ac- 
tivity for  its  size  than  any  which  had 
previously  been  used.  Fig.  aro  exhibits 
B  section  of  one  of  the  cells  of  DaniellV 
combination.  The  outer  case,  c,  con- 
sists of  a  cell,  or  cylinder  of  copper, 
which  is  constructed  so  as  to  retain 
liquids,  and  is  filled  with  a  solution  of 
sulphate  of  copper,  b,  acidulated  with 
an  eighth  of  its  bulk  of  sulphuric  acid. 
The, solution  is  kept  saturated  with  the 
salt  by  means  of  crystals  of  sulphate  of 
copper,  D,  which  rest  upon  the  perfo- 
rated shelf,  r.  In  the  axis  of  the  cell  is  placed  a  tube  o£  porous 
carthenwfflT,  e,  filled  with  an  acid  solution,  a,  which  consists  of 
I  part  of  oil  of 'vitriol  diluted  with  7  parts  of  water.  A  rod  of 
amalgamated  zinc,  z,  is  placed  iu  this  tube.  On  milking  a 
metallic  commumcation  between  the  zinc  rod  and  the  coppfer  cell, 
a  voltaic  current  is  established ;  and  by  employing  twenty  or 
thirty  cells  of  this  description,  always  connecting  the  zinc  of  one 
cell  with  the  copper  of  the  next,  a  combination  of  great  power  is 
obtained. 

The  following  diagram  may  serve  to  c<[ plain  the  manner  in  which 
the  force  is  transmitted  through  the  cells :— the  diluted  sulphuric 
acid  may  be  regarded  as  a  compound  of  hydrogen  witli  sulphur 
and  oxygen,  and  is  represented  as  HjSO^:  whilst  sulphate  of 
copper  may  be  looked  upon  as  a  compound  of  copper  with  the 
same  compound  of  sulphur  and  oxygen,  and  is  indicated  by  the 
symbol  CuSO^.  Let  the  brackets  above  the  row  of  symbols  re- 
present the  connexion  of  the  particles  which  compose  the  liquid 
before  contact  is  made  between  the  plates  Ca  and  Zn  at  the  ends. 
The  alteration  in  the  molecular  arrangement  of  the  liquid  which 
occurs  afl:er  the  connexion  is  made  between  the  copper  and  the  zinc, 
may  be  represented  by  the  altered  position  of  the  brackets  beneath : 
the  line  a,  which  divides  the  symbols  of  the  sulphate  of  copper 
from  those  of  the  sulphuric  acid,  in  -this  case  represents  the  porous 
diaphragm : — 
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Tlic  result  of  tlie  action  is,  that  so  long  as  the  contact  between 
the  plates  is  mitiutained,  sulpliatc  of  zinc  is  formed  uninterruptedly 
in  the  porous  tube,  whilst  a  coutinuat  depc«it  of  a  corresponding 
quantity  of  metallic  copper  takes  place  upon  the  internal  surface  of 
the  copper  cylinder.     Fig.  211  shows  a  convenient  and  inexpensive 


form  of  Daniell's  battery.  The  solution  of  sulphate  of  eopper  is 
contained  in  glass  or  earthenware  jars  7  inches  deep,  and  3  j  inches 
in  diameter.  The  copper  plates  consist  merely  of  rectangular 
sheets  of  copper,  one  of  which  is  represented  at  a  ;  they  are  bent 
into  a  cylindrical  shape  and  placed  in  the  jars.  By  means  of  the 
strip  b,  each  plate  is  easily  connected  with  the  zinc  rod  of  the  ad- 
jacent cell,  and  made  fast  to  it  by  the  binding-screw  c.  The 
colander,  for  the  support  of  the  crystals  of  sulphate  of  copper,  rests 
upon  three  or  four  little  pieces  of  copper,  which  are  made  to  project 
inwards  upon  the  sheet,  at  a  suitable  height,  as  shown  at  d.  At  b, 
several  cells  of  the  battery  are  represented  as  arranged  in  a  con- 
secutive series.  Twenty  sueh  cells  compose  a  battery  adequate  to 
the  performance  of  almost  any  experiments  on  the  chemical  decom- 
position of  bodies  in  solution. 

It  is  essential  in  mounting  a  voltaic  arrangement  of  any  kind, 
that  the  surfaces  of  contact  between  the  metfils  be  perfectly  clean  : 
a  film  of  oxide  will  materially  impede  the  transmission  of  the 
current,  and  if  the  force  in  circulation  be  feeble,  it  maj"  even 
arrest  it  altogether.  As  a  precaution,  it  is  better  beforfe  con- 
necting the  different  parts  of  the  apparatus,  to  pass  a  file  or  a  piece 
of  emery-paper  over  all  the  surfaces  of  the  copper,  the  zinc,  or 
the  other  oxidizable  metals  which  are  to  be  placed  in  contact  with 
each  other.  Surfaces  of  [datinum,  if  well  washed  and  dried,  do 
not  need  friction  with  emery-paper. 

{l66)  Grove's  Nitric-Acid  Battery. — The  nitric-acid  battery, 
contrived  by  Grove,  is  a  etill  more  powerful  combination  on  the 
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same  principle  as  Da- 
J*  niell's.  It  consistB  of 
a  alip  of  platinum,  P,  fig. 
212,  which  is  planged 
into  the  porous  tube,  n, 
and  this  is  filled  up  with 
undiluted  nitric  acid. 
The  outer  cell,  s,  is  filled 
with  diluted  sulphuric 
acid,  and  in  this  acid  is 
placed  a  flat  sheet  of 
amalgamated  zinc,  z,  bent  so  as  to  infold  the  porous  tube.  The 
acid  liquid  in  s  may  be  convcuiently  made  of  i  measure  of  oil  of 
vitriol  diluted  with  4  measures  of  water.  This  combination  pre- 
sents in  a  small  compass  the  principal  desiderata  for  attaining 
intense  voltaic  action.  Platinum  is  the  least  liable  of  the  metals 
to  chemical  action,  whilst  amongst  the  metals  that  admit  of  being 
easily  wrought,  zinc  is  the  one  which  is  most  readily  attacked  by 
acids ;  consequently  the  opposition  of  platinum  to  zinc  furnishes  a 
most  effective  voltaic  combination ;  whilst  nitric  acid  absorbs  with 
ease  the  hydrogen  Uberated  on  the  platinum,  and  thus  forms  water 
and  nitrous  acid,  which  remain  in  solution  in  the  undecompoeed 
acid ;  the  resulting  liquid  constitutes  one  of  the  most  perfect  of 
liquid  conductors.  If  HNOjO  in  the  following  diagram  repre- 
sent nitric  acid,  and  H^SO^  diluted  sulphuric  acid,  PI  the  platinum 
plate,  and  Zn  the  zinc  one,  the  molecular  arrangement  will  he 
indicated  before  the  action  by  the  position  of  the  brackets  above, 
and  after  the  action  by  the  position  of  those  below. 

Pt  H  NOjO  I  Hj,  SO^  Hj  SO,  Zn 

■With  a  battery  of  ten  sneh  cells,  5  inches  high  and  2^  inches 
wide,  a  large  number  of  brilliant  experiments  may  be  performed, 
but  fi>UT  or  five  cells  are  generally  sufficient  for  most  purposes  of 
electro-chemical  decomposition.  If  oil  of  vitriol  be  mixed  with 
the  nitric  acid  in  the  porous  cells  in  the  proportion  of  about  equal 
measures,  a  current  is  thus  obtained,  the  strength  of  which  is  more 
uniform  than  when  nitric  acid  only  is  used  (Callan). 

With  a  view  to  economy,  Bunsen  substitutes  for  the  platinum 
plates  in  Grove's  battery,  cylinders  of  carbon,  prepared  by  heating 
together  a  mixture  of  powdered  coke  and  caking  coal,  or  powdered 
coke  moistened  with  a  strong  solution  of  sugar.  A  firm  coherent 
coke  is  thus  obtained.     Cylinders  made  of  this  material  aiiswei 
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well  wLUc  new ;  but  being  porous,  the  carbon  absorbs  the  nitric 
acid,  which  corrodes  and  impairs  the  surface  of  contact  with  the 
zinc.  A  better  material  is  tlic  bard  carbon  from  the  gas  retorts, 
but  it  is  difficult  to  shape  it  into  the  form  of  plates.  Foggendorlf 
{Lielng's  Annal.  xsxviii.  50S)  has  employed  plates  either  of  sheet 
iron  or  cast  iron  instead  of  either  platinum  or  carbon ;  in  strong 
nitric  acid  the  irou  is  totally  unacted  on ;  but  if  the  acid  become 
diluted  till  it  has  a  specific  gravity  of  i'^^,  or  less,  it  is  liable  to 
act  upon  the  metal  with  uncontrollable  violence.  No  combination 
possesses  the  intense  energy,  in  union  with  convenience  of  working 
and  comparative  durability,  in  the  same  degree  as  that  proposed  by 
Grove.  It  is  necessaiy,  however,  to  place  the  nitric  acid  battery 
so  that  the  fiimes  of  nitrous  acid  {which  are  copiously  evolved 
during  its  action,  especially  after  the  battery  has  been  in  use  for 
some  time)  shall  pass  at  once  into  the  open  air  j  as  they  would 
otherwise  seriously  incommode  the  operator. 

{267)  The  other  mode  of  obviating  the  counteracting  agency  of 
hydrogen  upon  the  negative  plate  of  the  battery  is  less  perfect,  and 
is  of  a  mechanical  nature.  It  was  first  practically  applied  by 
Smee  in  the  construction  of  the  voltaic  battery.  Hydrogen  ad- 
heres to  smooth  surfaces  of  platinum  and  other  metals  with  con- 
siderable  force,  but  it  passes  off  with  ease  from  their  aspcri ties  and 
edges :  by  multiplying  their  points  and  irregiJ  antics,  as,  for  ex- 
ample, by  the  deposition  of  metal  on  the  surface  in  a  pulverulent 
form,  the  escape  of  the  gas  is  much  facilitated.  Smee  employs  as 
the  negative  or  conducting  plate  in  his  battery,  a  plate  of  silver, 
the  face  of  which  has  been  roughened  by  the  deposition  of  finely 
divided  platinum  upon  its  surface ;  each  side  of  the  silver  plate 
being  exposed  to  a  plate  of  zinc  well  amalgamated,  and  of  equal 
extent,  which  acts  as  the  positive  plate.  This  pair  of  plates  is 
excited  by  means  of  diluted  sulphuric  acid.     Fig.  213  represents 
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a  battery  constructed  upon  Smee's  principle :  a  thin  platinized 
silver  plate  is  supported  in  a  light  frame  of  wood,  as  shown  detached 
at  s ;  to  the  upper  part  of  this  frame  a  binding-screw,  in  metallic 
connexion  with  the  silver,  is  fastened,  for  the  purpose  of  coiinecting 
the  plate  with  the  zinc  plates  of  the  adjoining  cell,  by  means  of  a 
strip  of  sheet  copper  bent  as  at  c ;  on  eil^er  side  of  the  silver  plate 
a  sheet  of  amalgamated  zinc,  z,  z,  is  supported  by  the  clamp  shown 
at  b ;  the  zinc  plates  are  prevented  from  contact  with  the  silver 
plate  by  means  of  the  wooden  frame,  and  they  are  connected  with 
the  silver  of  the  adjacent  cell  by  a  second  binding-screw  in  the 
clamp  shown  at  b ;  the  separate  plates  are  attached  to  a  wooden 
frame,  and  being  counterpoised  by  weights,  as  indicated  in  the 
figure,  can  be  lowered  into  the  trough  of  acid  when  wanted  for 
use,  or  can  be  withdrawn  from  it  when  the  experiment  is  over. 
The  trough  is  divided  into  separate  cells  or  compartments  for  each 
pair  of  plates,  by  glass  partitions  rendered  water-tight  by  means  of 
a  resinous  cement. 

(268)  Resistances  to  the  Voltaic  Current, — The  amount  of 
force  which  circulates  in  any  given  circuit  is  not  dependent  solely 
upon  the  enei^  of  the  chemical  action  which  is  exerted  between 
the  generating  metal  and  the  exciting  liquid.  The  current  expe- 
riences a  retardation  or  a  resistance  fix)m  the  very  conductors  by 
which  its  influence  is  transmitted ;  just  as  in  the  transmission  of 
mechanical  force,  the  intervention  of  the  pivots  and  levers  which 
are  required  for  its  conveyance  introduces  additional  friction  and 
additional  weight,  which  require  to  be  overcome  or  moved,  and 
which  thus  diminish  the  efficient  power  of  the  machine.  » 

The  resistance  to  the  voltaic  current  may  be  considered  as  of 
two  kinds — first,  that  resistance  which  arises  from  the  exciting 
liquid  employed  in  the  voltaic  cell  itself;  and  secondly,  that  which 
arises  from  the  conducting  wire  and  apparatus  exterior  to  the 
voltaic  cell.  In  a  large  number  of  cases  the  resistance  oflFered  by 
the  exciting  liquid  is  by  much  the  most  considerable,  and  it  is 
inseparable  from  the  combination ;  whilst  the  second  source  of 
resistance,  or  that  which  is  exterior  to  the  cell,  can  be  increased 
or  diminished  at  pleasure,  and  by  the  employment  of  very  short 
and  thick  wires  for  connecting  the  plates,  can  be  virtually  removed 
altogether  or  annihilated;  it  will  be  advisable  to  consider  first 
the  resistance  produced  by  the  liquid  in  the  active  cell  itself. 

K  plates  of  equal  size  be  taken,  the  resistance  occasioned  by 
the  liquid  increases  directly  as  the  distance  between  the  plates; 
the  longer  the  column  of  imperfectly  conducting  matter  which  the 
force  has  to  traverse,  the  greater  is  the  difficulty  which  it  will  ex- 
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perience.  If  two  plates  be  immersed  in  acid  at  the  distance  of  an 
inch  asunder,  they  will  produce  [  2  times  the  effect  that  they  would 
occasion  at  the  distance  of  a  foot  from  each  other.  On  the  other 
hand,  the  larger  the  area  of  the  plates  that  are  immersed,  the  less 
is  the  resistance.  For  example,  if  a  pair  of  plates,  i  inch  broad 
and  J  2  inches  long,  be  immersed  in  acid  to  the  depth  of  i  inch 
only,  the  current  produced  will  only  be  equal  to  one-twelfth  of 
that  which  would  be  obtained  by  immersing  each  plate  for  its 
whole  depth  of  12  inches  in  the  liquid.  The  resistance  of  the 
liquid  is  therefore  directly  as  the  distance  between  the  plates,  and 
inversely  as  the  surface  of  the  plates  exposed  to  its  action.  A  pair 
of  plates  exposing  each  a  square  inch  of  surface,  immersed  in  acid 
at  a  distance  of  1  inch  apart,  will  consequently  produce  an  effect 
equal  to  that  which  would  be  obtained  from  a  pair  of  plates  which 
each  exposed  a  surface  of  12  square  inches  to  the  action  of  the 
liquid,  if  they  were  1 2  inches  apart. 

A  case  somewhat  analogous  is  offered  when  water  is  trans- 
mitted through  pipes.  The  greater  the  length  of  the  pipe,  the 
more  considerable  will  be  the  friction  and  the  consequent  resist- 
ance to  the  passage  of  the  liquid ;  whilst  the  larger  the  area  of  the 
pipe  the  more  readUy  wUl  the  water  escape.  An  aperture  which 
exposes  a  sectional  area  of  two  square  inches  will  allow  twice  as 
much  water  to  escape  from  it  in  a  given  time  as  an  aperture  of 
which  the  superficial  area  is  but  a  single  square  inch. 

If  the  two  plates  are  of  unequal  size,  but  are  immersed  parallel 
to  each  other,  they  may,  for  most  practical  purposes,  be  calculated 
as  each  exposing  a  surface  equal  to  the  mean  surface  of  the  two. 
Other  circumstances  independent  of  the  extent  of  surface  exposed 
by  the  plates,  and  the  distance  between  them,  materially  influence 
the  resistance  of  different  liquids  to  the  current.  Any  cause  that 
favours  chemical  action  between  the  active  metal  and  the  liquid, 
or  which  diminishes  the  force  by  which  the  elements  of  the  liquid 
are  united,  such  as  elevation  of  temperature,  diminishes  the  re- 
sistance of  the  liquid.  In  most  cases  an  increase  in  the  concen- 
tration of  the  solution,  provided  its  strength  be  not  so  great  as  to 
render  deposition  of  crystals  liable  to  occur,  diminishes  the  resis- 
tance (278).  The  current  likewise  experiences  a  specific  resistance 
in  each  liquid  which  depends  upon  the  force  with  which  its  par- 
ticles are  united  together. 

Similar,  but  distinct  resistance,  though  to  a  less  extent,  is 
offered  by  the  metallic  part  of  the  circuit.  However  good  its 
conducting  power  may  be,  it  always  offers  some  obstruction  to  the 
current.     The  longer  the  wire  employed,  the  greater  is  the  difiS- 
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culty  experienced  by  the  force  in  traversing  it.  The  resistance  of 
each  metal,  like  that  of  each  liquid,  is  specific.  Copper  and  sUver, 
for  instance,  when  wires  of  equal  thickness  and  leng^th  are  com- 
pared, offer  far  less  resistance  to  a  given  amount  of  force  than  le» 
perfect  conductors,  such  as  iron  and  lead.  Experiment  has  de- 
monstrated that  with  metallic  conductors  the  same  law  holds  good 
as  with  liquids — viz.,  that  the  conducting  power  is  inversely  a» 
the  length  of  the  wire,  and  directly  as  the  area  of  its  section. 
In  cyUndrical  wires  this  sectional  area  will  of  course  vary  as  the 
square  of  the  diameter  of  the  wire ;  for  instance,  a  wire  -^V  o^ 
an  inch  in  thickness  will  for  equal  lengths  offer  four  times  the 
resistance  of  a  wire  ^V  or  ^  of  an  inch  thick.  If  wires  of  the 
same  metal,  and  of  equal  lengths,  be  compared,  the  resistance 
will  vary  inversely  as  the  weights  of  the  wires. 

In  the  experiment  with  sulphate  of  copper  (fig.  206),  the 
metal  is  deposited  in  greatest  quantity  where  the  force  is  most 
readily  transmitted — viz.,  in  those  points  which  are  nearest  to  the 
zinc,  and  where  the  resistance  offered  by  the  liquid,  which  here 
forms  the  thinnest  layer,  is  consequently  the  least. 

A  rod  of  zinc  supported  within  a  cylinder  of  copper  forms  a 
convenient  arrangement  of  the  generating  and  conducting  plates, 
because,  when  such  a  rod  is  placed  in  the  axis  of  the  cylinder,  the 
force  is  evenly  distributed  over  the  whole  surface  of  the  copper. 

(269)  Difference  between  a  Simple  and  a  Compound  Circuit, — 
The  observations  hitherto  made  have  referred  to  cases  in  which 
only  a  single  pair  of  metals  is  employed.  It  will  be  necessary 
now  to  consider  in  what  way  the  results  are  modified  by  the  em- 
ployment of  several  pairs  of  plates.  It  has  already  been  stated, 
when  speaking  of  the  electricity  developed  by  friction,  that  when 
a  large  supply  of  electricity  is  needed,  it  may  be  obtained  with 
equal  effect  either  from  a  single  Leyden  jar  which  exposes  a  large 
extent  of  coated  surface,  or  from  a  number  of  smaller  jars  which 
together  expose  the  same  amount  of  coated  surface,  all  the  inner 
surfaces  of  the  small  jars  being  in  metallic  communication  with 
each  other,  but  insulated  from  the  outer  coatings,  all  of  which 
likewise  are  connected  by  some  good  conducting  material  (235). 
A  similar  result  is  also  obtained  in  voltaic  arrangements.  Pro- 
vided that  the  plates  expose  the  same  extent  of  surface  and  be 
kept  at  an  equal  distance  apart,  it  matters  not  whether  they  be 
immersed  in  a  single  vessel  of  liquid,  or  whether  they  be  cut  up 
into  strips  and  be  immersed  in  pairs  in  separate  vessels  of  the 
same  liquid.  The  only  requisite  is  that  all  the  zinc  plates  shall 
be  connected  together  by  stout  metallic  wires,  and  that   all  the 
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platinuin  plates  shall  be  similarly  connected  by  other  wires.  No 
action  will  occur  until  metallic  commuDication  between  one  of  the 
platinum  and  one  of  the  zinc  plates  is  effected  by  means  of  a  con- 
ducting wire ;  and  then  the  whole  force  of  the  united  plates  will 
traverse  the  connecting  wire. 

These  results  may  he  exhibited  to 
the  eye  in  a  form  of  battery  in  which 
the  hydrogen  evolved  from  each  pla- 
tinum plate  admits  of  being  collected 
— a  contrivance  proposed  by  Daniell, 
which  he  called  a  digaected  battery. 
Fig.  2 1 4  shows  the  manner  of  mount- 
ing one  of  these  cells.  When  in  use 
the  cells  are  charged  with  diluted 
sulphuric  acid,  and  a  small  graduated 
jar,  H,  also  filled  with  the  diluted 
acid,  is  inverted  in  each  of  the  cells 
over  the  platinum  plate,  p,  in  such  a 
manner  as  to  receive  the  hydrogen 
which  is  disengaged  during  the  operation.  The  plates  of  such  a 
battery  can  easily  be  connected  so  that  all  the  plates  of  zinc,  z, 
shall  be  united  by  conducting  wires,  and  all  the  platinum  plates  in 
a  similar  way  by  other  wires ;  or  they  can  with  equal  readiness  be 
united  so  that  the  zinc  of  one  cell  shall  be  connected  with  the 
platinum  of  the  follovnng 

cell.       Suppose,   for    in-  Fio.  it$. 

stance,  two  plates  (e  and 
^1  fig-  *i5)j  one  of  zinc, 
the  other  of  platinnm, 
each  six  inches  square,  be 
immersed  in  a  vessel  of 
sulphuric  acid,  at  a  dis- 
tance of  an  inch  apart.  A  current  of  a  certain  amount  of  power 
will  be  obtained  on  connecting  the  two  plates  by  means  of  a  wire, 
w ;  and  in  five  minutes  a  certain  quantity  of  zinc  will  be  dissolved, 
whilst  a  corresponding  quantity  of  hydrogen  gas  will  escape  from 
the  platinum.  Now  if  the  zinc  and  the  platinum  be  each  cut 
into  strips  of  an  inch  broad  and  six  inches  long,  and  the  several 
pairs  of  zinc  and  platinum  strips  be  immersed  in  separate  vessels 
of  diluted  sulphuric  acid  at  the  distance  of  one  inch  from  each 
other,  and  if,  as  in  fig.  216,  all  the  zinc  strips  z,  z,  be  connected 
by  wires,  and  ail  the  platinum  stripe,  r,  p,  be  similarly  united, — 
on  connecting  them  together  by  a  wire,  as  ahown  at  w,  the  same 
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amount  of  power  will  traverse  the  wire  as  in  the  first  combination, 
and   the  quantity  of  zinc  dissolved  in   the  six  plates  taken  to- 
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gether  will  in  five  minutes  be  the  same  as  that  which  was  dis- 
solved fix)m  the  single  zinc  surface  in  the  first  arrangement; 
whilst  the  quantity  of  hydrogen  gas  which  will  rise  fix>m  all  the 
six  plates  of  platinum  together  will  be  equal  to  that  obtained  from 
the  single  plate  in  the  former  experiment  (fig.  215).  Such  a 
combination,  in  whichever  of  the  forms  just  described  it  be  em- 
ployed, may  be  regarded  as  a  single  pair  of  plates^  and  it  con- 
stitutes a  simple  voltaic  circuit. 

By  acting  upon  extensive  surfaces  arranged  in  simple  circuits, 
the  quantity  of  electricity  which  can  be  thrown  into  circulation  is 
very  large,  though  its  intensity,  that  is  to  say,  its  power  of  over- 
coming  resistances,  is  comparatively  small. 

The  results  would,  however,  be  altered  if,  instead  of  connecting 
the  divided  plates  together  in  the  manner  represented  in  fig.  216, 
they  were  connected  as  in  fig.  217,  in  which    the   zinc   in  each 

Fio.  217. 


cell  is  supposed  to  be  connected  with  the  platinum  plate  of  the 
adjacent  cell,  in  regular  order  through  the  series.  When  the 
extreme  plates  are  connected  by  a  thick  wire,  w,  the  amount  of 
force  which  traverses  this  wire  in  a  given  time  is  equal  to  one-sixth 
only  of  the  force  which  was  thrown  into  circulation  in  the  former 
instances ;  but  the  quantity  of  zinc  dissolved  in  the  six  cells  taken 
together  is  the  same  as  before :  and  if  the  hydrogen  be  collected 
firom  the  six  platinum  plates,  the  quantity  will  still  be  equal  to 
that  disengaged  in  the  experiments  shown  in  figs.  215  and  216. 
The  current  has  now  to  traverse  each  cell  of  the  liquid  in  succes- 
sion^ and  thus  has  to  encounter  a  great  additional  resistance.  Yet 
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now  the  power  starts  from  six  separate  points  of  origin,  and  each 
of  these  separate  points  adds  its  energy  or  impuke  in  driving  for- 
ward the  current.  The  electro-motive  force  is  increased  sixfold, 
whilst  the  resistance  of  the  liquid  is  increased  still  more ;  in  the 
first  place  it  is  increased  sixfold,  from  the  circumstance  that  the 
length  of  the  column  of  liquid  which  must  be  traversed,  is  six 
times  as  great,  and  it  is  next  further  increased  sixfold  by  a  propor- 
tionate diminution  in  the  breadth  of  the  column.  In  the  arrange- 
ment of  fig.  215  there  was  a  column  of  liquid  six  inches  wide  and 
one  inch  thick  to  be  traversed;  whilst  in  the  arrangement  of 
fig.  217  there  is  a  liquid  column  six  inches  thick  and  only  one 
inch  wide  to  be  traversed.  When  the  plates  are  arranged  in  sepa- 
rate compartments,  and  are  connected  together  alternately,  as  in 
fig.  217,  they  constitute  a  compound  voltaic  circuit,  Volta^s  pile 
(fig.  202)  and  his  crown  of  cups  (fig.  203)  are  therefore  compound 
circuits,  and  it  is  this  form  of  combination  which  enabled  him  to 
obtain  results  so  much  superior  to  those  of  any  previous  experi- 
menter. The  electricity  in  this  case  is  not  greater  in  quantity  than 
that  obtainable  from  a  simple  circuit;  nay,  it  is  often  much  less; 
but  it  has  a  much  higher  intensity,  and  its  power  of  overcoming 
resistances  is  very  much  greater,  as  a  further  examination  will 
show.  If,  for  example,  50  or  100  miles  of  wire,  such  as  is  used 
for  telegraphic  purposes,  be  introduced  in  a  combination  arranged, 
as  in  fig.  216,  as  a  simple  circuit,  the  eflfect  obtained  would  be 
very  materially  less  than  if  the  same  plates  were  arranged  in  the 
form  of  a  compound  circuit,  as  shown  in  fig.  217. 

(270)  Ohm's  Theory, — These  considerations  may  be  much  sim- 
plified, by  representing  the  mutual  action  of  the  electro-motive 
forces  and  the  resistances  of  any  circuit,  simple  or  compound,  in 
the  form  of  a  fraction,  in  the  way  proposed  by  Ohm. 

It  has  been  found  by  experiment  that  the  power  of  any  com- 
bination is  directly  proportioned  to  the  electro- motive  force,  or 
chemical  energy  between  the  active  metal  and  one  of  the  elements 
of  the  liquid  upon  which  it  acts ;  and  inversely  proportioned  to  the 
resistances  to  be  overcome.  The  numerator  of  the  fraction  will 
therefore  be  represented  by  E,  the  electro-motive  force,  and  the 
denominator  by  72  +  r ;  where  R  represents  the  resistance  in  the  cell 
or  the  battery,  (due  chiefly  to  the  attraction  between  the  elements 
of  the  liquid  for  each  other,)  and  r  all  resistances  exterior  to  the  cell 
or  the  battery,  such  as  the  connecting  wire :  thus  the  expression 

^^.-  =  -^,  would  represent  the  effect  of  any  combination  where  A 
indicates  the  amount  of  force  actually  in  circulation,  whether 
measured  by  its  heating  or  by  its  magnetic  effects.     If  the  con- 

o  a 
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necting  wire  be  very  thick^  so  as  to  offer  little  or  no  resistance  to 
the  current^  r  becomes  evanescent^  and  the  fraction  assumes  die 
form  of  f =-4 ;  the  force  of  the  current  under  these  circumstances 
is  proportional  to  the  surface  of  the  plates  exposed  to  the  action 
of  the  liquid. 

Let  it  be  assumed,  for  example,  that  E=i,  and  that  R^i, 
when  a  pair  of  zinc  and  platinum  plates  an  inch  broad  and  six 
inches  long  is  immersed  in  diluted  acid  at  the  distance  of  one 
inch  asunder;  so  that  under  these  circumstances,  ^=-F=^*  ^^ 
pair  of  plates,  six  inches  broad  and  six  inches  long,  also  at  a  dis- 
tance of  one  inch  apart,  be  immersed  in  the  same  acid,  since  the 
resistance  is  inversely  as  the  surface  of  the  plates  immersed,  the 

B  1 

fraction  becomes  ^  or  J_  =6;  or  the  power  is  increased  sixfiJdi 

6  6 

as  compared  with  the  former.  K  the  plates  be  each  cut  into  six 
similar  strips,  and  be  then  arranged  in  pairs,  as  represented  in 
fig.  2 1 6,  the  same  fraction  still  represents  the  result,  since  the 
relative  size  and  distance  of  the  plates  remain  unchanged :  but  i£ 
the  plates  be  arranged  in  succession,  so  as  to  produce  a  compound 
circuit,  as  in  fig.  217,  the  fraction  becomes  |f =|-=i ;  the  electro- 
motive force  is  increased  sixfold,  but  the  resistance  is  increased 
also  in  exactly  the  same  proportion.  The  force  which  under  these 
circumstances  circulates  through  the  connecting  wire  is  not  greater 
than  if  a  single  cell  only,  containing  a  pair  of  plates  one  inch  broad 
and  six  inches  long,  were  employed. 

But  suppose  now  that  several  miles  of  wire,  such  as  are  em- 
ployed in  telegraphic  communication,  be  introduced  into  the  two 
combinations  severally  represented  in  figs.  ai6  and  217;  r  now 
acquires  importance; — let  the  resistance  be  twentyfold  greater  than 
that  of  the  liquid  in  each  cell.     In  the  first  case  (with  the  simple 

circuit),  the  fraction  becomes s^^     1       =  0*049 >  ^  *^®  second 


(the  compound  circuit),  the  fraction  is  eliTV  =6T^~^*^3  •  ^ 
that  although  in  both  cases  the  resistance  introduced  most  mate- 
rially diminishes  the  amount  of  force  which  enters  into  circulation, 
the  power  in  the  compound  circuit  is  now  five  times  as  great  as 
that  which  emanates  under  these  circumstances  from  the  simple 
circuit.  Indeed,  in  all  cases  where  great  resistances  external  to 
the  battery  have  to  be  overcome,  a  compound  battery  has  a  great 
advantage  over  the  simple  circuit.'!' 


*  Let «  =  the  number  of  the  plates  in  a  oompoimd  oirooit. 
„  JS?=  the  electro-motive  loroe. 
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(271)  Chemical  Decomposition. — It  is  important  to  remember 
that  the  force  which  circulates  through  each  cell  in  a  compound 
circuit  is  not  increased  hy  the  arrangement,  if  the  connexion 
between  its  extremities  be  made  by  means  of  a  good  conductor  i 
if,  for  example,  50  similar  and  equal  cells  be  connected  iu  succes- 
sion, and  be  united  by  a  stout  short  wire,  the  quantity  of  zinc 
which  would  be  dissolved  in  a  given  time  in  each  of  these  cells 
would  not  be  greater  than  that  which  would  be  consumed  in  a 
single  cell  of  the  same  size  in  the  same  time,  if  the  plates  which 
compose  it  were  connected  by  a  short  thick  wire. 

The  power  of  a  compound  circuit  is  shown  in  a  striking 
manner,  when  some  liquid  sucli  as  diluted  sulphuric  acid  is  inter- 
posed in  the  course  of  the  conducting  wire.  The  experiments 
which  elucidate  this  point  may  be  instructirely  performed  by 
means  of  the  dissected  battery.  If  a  pair  of  platinum  plates, 
If  ^)  fig-  21S,  be  immersed  in  the  acid  condncting-liquid  at  b,  and 

Fia.  318. 


connected  with  the  wires  proceeding  from  the  compound  circuit 
in  the  manner  represented  in  the  figure,  the  liquid  will  be  decom- 
posed, oxygen  will  be  given  off  firom  one  plate,  a,  and  will  rise  in 
the  tube  o ;  whilst  hydrogen  will  be  given  off  from  the  other  plate, 
b,  and  may  be  collected  in  the  tube,  h  :  but  if  the  same  cells  be 
arranged  as  a  simple  circuit,  fig.  3 16,  no  such  effect  is  produced. 


Let  i)=  the  diBtance  between  the  platai. 
„  S  =  the  sres  of  the  plates. 
„  i  =  the  length  ot  the  conducting  wire, 
„  t  ^  the  srea  of  n  gectioa  of  the  wire. 
The  fraction  which  represents  the  action  of  b  oompomid  batterj;  when  its 
extremittet  are  oonneotea  by  means  of  a  metallic  wire  of  uniform  diameter  is 

the  following:  'rM.^=  ^-  ^  this  eipreMian  j  is  sabstitatAd  for  S,  (the 
rraistonce  in  each  cell  of  the  batter;)  to  whieh  it  it  eqniralent;  linoe  R  is 
directly  as  the  distance  between  the  plates,  and  inversely  as  their  area,  or 
sorfaoe,  while  ^  represents  r. 

ee2 
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By  the  introduction  of  the  liquid  conductor  at  b,  the  resistance  is 
very  greatly  increased,  such  a  resistance  being  more  considerable 
'than  that  of  many  miles  of  wire.     But  this  is  not  all :  besides 
this  resistance,  a  new  counteracting  electro-motive  force  shows 
Itself,  which  gives  rise  to  a  current  operating  in   a  direction  the 
reverse  of  that  in  the  battery.     This  force  is  due  to  the  oxygen 
r  and  hydn^en  which  are  separated  upon  the  platinum  plates,  and 
which,  as  has  been  explained  when  speaking  of  the  gas  battery 
(264),  is  very  considerable.     Experiment  shows  that  it  is  between 
two  and  three  times  as  powerful  as  the  electro-motive  force  of  a 
pair  of  zinc  and  platinum  plates  excited  by  diluted  sulphuric  acid. 
When,  therefore,  the  endeavour  is  made  to  decompose  the  diluted 
acid  by  a  single  pair  of  zinc  and  platinum  plates,  however  large  a 
surface  they  may  present  to  the  action  of  the  exciting  liquid,  no 
visible  action  in  the  cell  b  ensues;    a  momentary  decomposition, 
too  small  in  amount  to  be  perceived  by  the  eye,  produces  a  de- 
velopment of  oxygen  and  hydrogen  upon  the  two  platinum  plates, 
fl,  by  sufficient  to  oppose  an  effectual  barrier  to  the  transmission  of 
the  current.    Even  when  two  pairs  of  zinc  and  platinum  plates  are 
used,  the  energy  of  the  current  is  insufficient  to  effect  any  visible 
decomposition :  with  three  pairs,  a  few  bubbles  of  gas  show  them- 
selves;   and  with  a  more  numerous  series,  the  effects  increase 
rapidly ;  till  at  length  a  point  is  gained,  beyond  which  no  advan- 
tage is  obtained  by  increasing  the  number  of  celk  in  the  battery. 
It  is  particularly  worthy  of  remark  that  in  every  vertical  sec- 
tion of  any  voltaic  circuit  at  a  given  instant,  the  quantity  offeree 
which  traverses  it  is  uniform :  consequently,  the  same  quantity  of 
hydrogen  makes  its  appearance  upon  the  plate  b  of  the  cell  b, 
which  contains  the  liquid  for  decomposition,  as  is  disengaged  and 
collected  during  the  same  interval  from  each  plate  in  the  battery 
itself.     K  each  zinc  plate  of  the  battery  be  weighed  before  the 
experiment  is  begun  and  after  it  is  concluded,  it  will  be  found  that 
each  plate  has  lost  weight  to  an  equal  extent.     The  interposition 
of  the  liquid  at  b,  may  occasion  a  great  reduction  in  the  amount 
of  power  which  is  thrown  into  circulation ;  but  at  every  transverse 
section  of  the  battery,  the  power  that  does  circulate  is  uniform  in 
quantity ;  and  the  measilrement  of  the  chemical  action,  whether  it 
be  estimated  by  the  quantity  of  gas  which  is  evolved  at  any  one 
point,  or  by  the  quantity  of  zinc  which  is  dissolved,  may  be  em- 
ployed as  a  sure  indication  of  the  quantity  of  power  in  circulation : 
in  other  words,  retardation  of  the  current  by  the  liquid  conductor 
is  necessarily  attended  with  an  equal  retardation  in  the  conducting 
wire,  and  in  each  cell  of  the  battery  itself. 


THK   VOLTAMBTXR.  453. 

(27a)  The  Voltameter. — The  foregoing  important  law  waa 
discovered  by  Faraday.  As  one  of  its  consequences  he  waa 
enabled  to  employ  a  decomposing  cell,  such  as  is  shown  at  b,  fig. 
2 1 8,  as  a  measure  of  the  voltaic  power  of  any  circuit :  such  an 
iustrument  is  called  a  Voltameter.  For  each  327  grains  of  zinc 
dissolved  in  any  one  cell  of  the  battery,  9  grains  of  water  are 
decomposed  in  the  voltameter,  and  46"6  cubic  inches  of  hydrogen 
or  I  grain,  and  233  cubic  inches  of  oxygen  or  8  grains,  at  60°  P. 
and  30  inches  Bar.,  are  evolved  upon  its  plates ;  at  the  same  time 
466  cubic  inches  of  hydrogen  are  evolved  from  every  platinum 
plate  in  the  cells  of  the  battery.  A  more  convenient  form  of  vol- 
tameter  is  shown   in 

fig.  219.      It  consists  Fio.  319. 

of  an  upright  glass 
cell,  to  the  neck  of 
which  a  bent  tube,  c, 
for  the  conveyance  of 
the  disengaged  gases, 
is  fitted  by  grinding ; 
the  vessel  is  filled  with 
diluted  sulphuric  acid ; 
a,  b,  arc  the  two  pla- 
tinum plates,  each  of 
which  is  connected  by  a  wire  which  passes  through  the  foot  of 
the  instrument,  to  a  mercury  cup,  by  means  of  which  commu- 
nication  can  be  made  with  the  wires  which  convey  the  current 
fi^m  the  battery;  oxygen  and  hydn^n  are  liberated  by  the 
action  of  the  current  upon  the  acidulated  water,  both  gases  then 
rise  to  the  surface  of  the  liquid,  and  are  conveyed  by  the  bent 
tube  c,  to  the  graduated  jar,  d,  which  stands  in  a  small  pDcumatic 
trough. 

It  is  to  be  observed  that  the  action  of  a  simple  zinc  and  pla- 
tinum  battery  is  not  steady ;  it  gradually  declines,  and  before  the 
acid  has  become  saturated  with  zinc,  the  current  almost  ceases. 
On  breaking  the  contact  of  the  conducting  wire  with  the  two 
ends  of  the  battery,  and  allowing  it  to  remain  disconnected  for 
a  few  minutes,  the  action  is  partially  restored ;  but  it  agmn  gra- 
dually declines  after  the  circuit  has  been  completed.  These  effects 
were  traced  by  Daniell  to  the  action  of  the  current  upon  the 
Bidphate  of  zinc,  which  is  formed  in  each  cell  (^  the  battery 
during  the  operation ;  the  zinc  salt  is  decomposed  in  the  manner 
shown  in  the  subjoined  diagram,  in  which  ZnSO^  represents  the 
sulphate  of  zinc^  and  Pt  and  Zn  the  platinum  and  zinc  plates  of 
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the  cell.  The  brackets  placed  above  the  symbols  indicate  the 
arrangement  of  the  particles  before  the  current  passes  ;  those  below 
show  the  change  produced  by  the  voltaic  action : — 

Pt   Zn   SO^    Zn   SO^   Zn. 

In  this  manner  metallic  zinc  becomes  reduced  or  deposited 
upon  each  platinum  plate^  and  the  power  of  the  battery  is  arrested 
when  the  two  surfaces  which  are  opposed  become  virtually  zinc 
and  zinc  instead  of  platinum  and  zinc.  This  evil  may  be  obviated 
by  interposing  a  porous  diaphragm  between  the  two  plates^  as  in 
the  batteries  of  Daniell  and  of  Grove  (265,  266) ;  in  these  cases 
a  sufficient  communication  between  the  zinc  and  the  copper  or  the 
platinum  plates^  is  still  kept  up  by  means  of  liquid  through  the 
pores  of  the  diaphragm,  but  the  sulphate  of  zinc  is  prevented  from 
mixing  with  the  liquid  which  is  in  contact  with  the  copper  or  the 
platinum. 

(273)  Further  Application  of  Ohm* 8  Theory. — All  the  pheno- 
mena of  compound  circuits  admit  of  ready  calculation  by  the 
application  of  Ohm's  principle ;  for  instance,  if  n  represent  the 
number  of  the  plates,  the  expression  for  any  compound  series,  the 
cells  of  which  are  similar  in  nature  and  equal  in  size,  becomes 

^Pb+?=A;  since  in  each  cell  not  only  is  a  new  electro- motive 
force  introduced,  but  at  the  same  time  a  new  resistance.  Provided 
that  the  exterior  resistance  is  such  as  would  be  offered  by  a 
metallic  wire  which  may  even  be  many  miles  in  length,  it  is  possible 
exactly  to  double  the  amount  of  force  in  circulation  by  doubling 
the  number  of  cells,  if  at  the  same  time  the  size  of  the  plates  be 

doubled :  for  2«iz  .  ^  =   ^Jf-     But  if,  when  the  number  of  cells 

is  doubled  and  the  surface  of  the  plates  also  is  doubled,  a  volta- 
meter be  employed  to  measure  the  power  in  circulation,  instead  of 
introducing  a  wire  as  the  exterior  resistance,  the  force  mea- 
sured by  the  voltameter  is  not  found  to  be  doubled,  as  might  na- 
turally have  been  expected :  this  difference  arises  from  the  counter 
current  which  is  produced  in  the  voltameter  itself,  by  the  accumu- 
lation of  the  oxygen  and  hydrogen  upon  its  plates.  Call  this 
counter  current  e,  and  the  formula  becomes  ^^^^* 

The  values  both  of  e,  (the  counter  current  offered  by  the  volta- 
meter,) and  r,  which,  if  short  thick  conducting  wires  be  used,  is 
virtually  the  resistance  of  the  voltameter  itself,  may  be  very 
simply  estimated  in  the  way  proposed  by  Wheatstone.  This 
method   consists   in  comparing  two  experiments  in  which^    the 
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resistances  remaining  the  same^  the  electro-motive  forces  alone 
vary.  Upon  the  supposition  that  the  voltameter  merely  offers  an 
increased  resistance  without  introducing  any  counteracting  elec- 
tro-motive force,  five  single  cells  should  produce  a  result  equal  to 
half  that  obtained  by  the  use  of  ten  celk  of  double  size ;  but  by 
experiment,  the  effects  as  measured  by  the  voltameter  are  as 
6  :  20.  Comparing  these  effects  with  the  arrangements  which 
produce  them,  we  obtain  the  following  proportion,  from  which,  by 
equating,  the  value  of  e  is  deduced  in  terms  of  E : — 

.5B-0    .  ,   «^     J     g.  therefore  6=2-857  E. 


10  J- 

10  JZ 


+  r-  6:b+7     •    •     *^ 


The  resistance  r  of  the  voltameter  may  be  calculated  with  equal 

ease ;  for  taking  two  similar  batteries,  each  composed  of  ten  cells, 

but  in  one  of  which  the  plates  ^e  exactly  double  the  size  of  those 

in    the  other,  the   electro-motive  forces  will  continue  the  same 

while  the  resistances  alone  will  vary.     Under  these  circimistances 

the   experimental    results,  furnished  by  the  voltameter  in  equal 

log—* 
times,  were  as  12*5  :  ao;  and  ^^^  •  ^^?+r'  '  ^^'5  '  ^^'  there- 
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fore  ^=3*333  -R.  By  substituting,  in  the  formula,  the  values  for 
€  and  r  thus  obtained  by  experiment,  the  results  for  any  given 
number  of  cells  may  be  calculated;  and  on  comparing  the  values 
obtained  by  such  a  calculation  with  the  numbers  furnished  by 
actual  experiment,  Daniell  {Phil.  Trans,  1842,  p.  146)  obtained  the 
following  results : — 


Number  of  Cells   ... 

3 

4 

3* 
3i 

5 

6 
6 

10 

15 

20 

Cubic  in. 
Cubic  in. 

Gas  calculated   

Gaa  observed 

1 

li 

;;f 

;f 

;?t* 

Any  alteration  in  the  size  of  the  plates  of  the  voltameter  neces- 
sarily alters  the  amount  of  resistance  which  it  offers  to  the  current, 
and  the  influence  of  this  change  in  the  voltameter  is  most  percep- 
tible when  a  battery  consisting  of  a  few  plates  which  expose  a  large 
surface  is  employed. 

The  preceding  considerations  will  render  it  evident  that  no 
general  answer  can  be  given  to  the  question,  '  What  number  of 
cells  should  a  battery  contain  in  order  that  it  may  produce  the 
greatest  effect  ?'  The  electro-motive  force,  E,  varies  in  amount 
with  the  kind  of  battery  which  is  used ;  the  values  for  R  and  r 
will  also  vary  with  the  varying  circumstances  of  the  experiment. 
It  is  found  that  every  different  arrangement  requires  the  employ- 
ment of  a  distinct  number  of  cells  in  order  to  obtain  from  it  the 
maximum  effect  with  the  least  expenditure  of  zinc.     This  number 
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ifiU  vary  even  with  the  same  form  of  battery,  according  to  the 
size  of  the  battery  plates,  the  length  of  wire  in  the  circuit,  and  the 
nature  of  the  liquid  conductor  in  the  decomposing  cell.  It  may 
be  stated^  however,  as  a  general  principle,  that  the  most  advan- 
tageous eflFect  is  obtained  when  the  value  of  A,  in  the  formula 
^=^=-4,  most  nearly  approaches  0*5,  E  and  R  each  being=i: 

in  other  words,  the  advantage  is  greatest  when  the  exterior  resis- 
tances— viz.,  those  of  the  conducting  wire  and  voltameter  together- 
are  equal  to  the  sum  of  the  resistances  due  to  the  battery  itself; 
it  may  therefore  be  concluded  that,  when  the  exterior  resistance 
is  trifling,  as  usually  occurs  when  the  circuit  is  metallic  and  not 
of  very  great  length,  little  or  nothing  is  gained  by  employing  a 
large  number  of  ceUs ;  two  or  three  plates  of  large  surface  being 
the  best  under  such  circumstances ;  but  that  where  a  considerable 
chemical  resistance  is  to  be  overcome,  power  is  gained  by  employ- 
ing a  series  numerous  in  proportion  to  the  resistance  so  intro- 
duced. In  no  case,  however,  is  it  possible  by  the  use  of  a  series 
of  plates  of  uniform  dimensions,  even  if  of  unhmited  number,  to 
produce  in  any  transverse  section,  such  as  an  included  voltameter, 
a  chemical  action  greater  in  amount  than  that  which  would  occnr 
in  a  single  cell  of  the  arrangement  in  which  the  circuit  was  com- 
pleted by  a  stout  metallic  wire. 

(274)  Wheatstone's  Rheostat  and  Resistance  Coils, — Guided  by 
the  principles  which  have  just  been  explained,  Wheatstone  con- 
trived an  apparatus  termed  the  Rheostat,  by  which  measured 
amounts  of  resistance  may  be  introduced  into  the  voltaic  circuit : 
if  the  effect  wliich  such  added  resistance  has  upon  the  amoimt  o( 
the  current  in  circulation  be  measured,  the  different  values  of  £, 
R,  and  r  in  different  arrangements,  may  be  deduced  by  a  simple 
calculation.  The  rheostat  is  represented  in  fig.  220 :  j  is  a 
cylinder  of  well  baked  wood,  i^  inch  in  diameter  and  6  inches  in 
length ;  it  turns  easily  upon  a  horizontal  axis ;  on  this  cylinder 
a  spiral  groove  is  cut,  the  thread  of  which  contains  40  turns  to  the 
inch.  This  groove  runs  from  one  end  of  the  cylinder  to  the  other, 
and  in  it  is  coiled  a  brass  wire  -^wq  ii^ch  in  diameter ;  A  is  a  brass 
cylinder,  placed  parallel  to  g,  and  equal  to  it  in  diameter;  the 
thin  wire  upon  g  is  connected  at  the  end  i  with  a  brass  ring,  and 
at  the  other  extremity  is  attached  to  the  cylinder,  A  ;  at  t  is  a 
metallic  spring,  one  end  of  which  is  connected  with  a  binding-screir, 
and  the  other  end  of  which  rests  against  the  brass  ring,  and  effects 
the  communication  with  one  wire  of  the  battery :  m  is  a  moveable 
key,  by  which  the  wire  can  be  wound  upon  the  brass  cylinder,  or 
by  transferring  the  key  to  the  axis  of  g,  it  can  be  unwound  fiom  hi 
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and  returned  to  llie  wooden  cylinder,  g.     In  consequence  of  the 
no n- conducting   ijuality  of  dry   wood,  the  coils  of  wire  on  the 


"woodeD  cylinder  are  insulated  from  each  other,  so  that  the  current 
traverses  the  whole  length  of  the  wire  coiled  upon  this  cylinder, 
but  the  coils  not  being  instilated  from  each  other  on  the  brass 
cylinder,  the  current  immediately  passes  from  the  point  of  contact 
to  the  brass  spring  at  k,  which  is  in  communication  with  the  other 
wire  from  the  battery.  A  scale  is  placed  between  the  two  cylin- 
ders for  the  convenience  of  counting  the  number  of  coils  unwound, 
and  the  fractions  of  a  turn  are  read  off  upon  a  graduated  circle, 
which  is  traversed  by  an  index  attached,  as  is  shown  in  the  figure, 
to  the  axis  of  the  cylinder  g. 

Wheatstooe  took  as  his  standard  of  resistance,  the  resistance  pro- 
duced by  a  copper  wire  i  foot  of  which  weighs  exactly  ico  grains.* 
It  is  sometimes  necessary  to  be  able  to  introduce  an  amount  of  re- 
sistance into  a  circuit  much  greater  than  can  be  effected  by  means 
of  the  rheostat.  For  this  purpose  the  Renaiance  CoiU,  shown  at  d, 
Rg.  220,  are  employed.  These  coils  are  composed  of  fine  copper 
wire,  TTTT  of  ^Q  i^^^b  in  diameter,  carefully  insulated  by  covering 
them  with  silk ;  two  of  the  coils  are  30  feet  in  length,  the  others  too, 
200,  400,  and  800  feet  long.  The  ends  of  each  coil  are  attached  to 
short  thick  wires,  fixed  to  the  npper  faces  of  the  cylinders,  which 
serve  to  combine  all  the  coils  into  one  continued  length  of  1600 
feet  of  wire.  Two  wires  proceed  from  the  extremities  of  the  coils, 
by  wliich  they  are  united  to  the  circuit.     On  the  upper  fiice  of 


*  The  qaestion  of  a  itanilard  of  reiiitance  is  now  engaipng  the  attention  of 
practical  elefltricism ;  the  eonductinf;  power  of  copper  variea  ao  Kreatiy,  oinng 
to  the  presenile  of  alight  imporitiea,  that  it  is  uofitted  fbr  the  purpoae  (p.464). 
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each  cylinder  is  a  double  brass  springy  moveable  round  a  centre, 
so  tliat  its  ends  can  be  made  to  rest  upon  the  thick  brass  wires,  or 
can  be  removed  from  them  at  pleasure.  When  the  spring  rests 
upon  the  wires^  the  current  passes  through  the  spring  instead  of 
through  the  coil ;  but  when  the  spring  rests  upon  the  wood^  the 
current  must  pass  through  the  coil.  In  the  figure^  all  the  springs 
are  shown  as  resting  upon  the  wires ;  in  this  case  none  of  the 
coils  are  included  in  the  circuity  but  by  turning  the  spring  of  any 
particular  coil^  50^  100^  200^  or  400  yards  of  wire  can^  in  a 
moment,  be  introduced  into  the  circuit. 

The  following  is  Wheatstone^s  description  of  his  method  of 
ascertaining  the  sum  of  the  electro-motive  forces  in  any  voltaic 
circuit  or  circuits : — 

'  In  two  circuits  producing  equal  electro-motive  (or  voltaic) 
effects,  the  sum  of  the  electro-motive  forces  divided  by  the  sum  of 
the  resistances  is  a  constant  quantity;  i.e.,  f =H'  ^  ^  ^^^  ^  ^ 
proportionately  increased  or  diminished,  A  wiQ  obviously  remain 
unchanged.  Knowing,  therefore,  the  proportion  of  resistances  in 
two  circuits  producing  the  same  effect,  we  are  able  immediately  to 
infer  that  of  the  electro- motive  forces.  But,  as  it  is  difiScult  in 
many  cases  to  determine  the  total  resistance,  consisting  of  the 
partial  resistances  of  the  rheomotor  [or  voltaic  combination]  itself, 
the  galvanometer,  the  rheostat,  &c.,  I  have  recourse  to  the  fol- 
lowing simple  process: — Increasing  the  resistance  of  the  first 
circuit  by  a  known  quantity,  r,  the  expression  becomes  5—^"  In 
order  that  the  effect  in  the  second  circuit  shall  be  rendered  equal 
to  this,  it  is  evident  that  the  added  resistance  must  be  multiplied 
by  the  same  factor  as  that  by  which  the  electro-motive  forces  and 
the  original  resistances  are  multiplied;  for  ^r^^^^^nr'  ^® 
relations  of  the  length  of  the  added  resistances  r,  and  n  r,  which 
are  known  immediately,  give  therefore  those  of  the  electro-motive 
forces.' — [PhiL  Trans,,  1843,  p.  313.) 

Suppose,  for  example,  it  be  desired  to  compare  the  electro- 
motive force  obtained  from  a  single  pair  of  zinc  and  copper  plates 
in  one  of  Daniell^s  cells,  with  that  of  two  pairs  of  the  same  com- 
bination, the  following  will  be  the  mode  of  conducting  the  experi- 
ment : — Interpose  the  rheostat  (fig.  220)  and  the  galvanometer,  b, 
in  the  circuit  obtained  from  the  single  cell,  c ;  then,  by  coiling  or 
uncoiling  the  wire  of  the  rheostat,  bring  the  needle  exactly  to  45**. 
Next  uncoil  the  wire  of  the  rheostat,  and  count  the  number  of 
turns  required  to  bring  the  needle  to  40°.  Suppose  35  turns  are 
required :  this  number  of  turns  may  be  taken  to  represent  tha 
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electro-motive  force  of  the  combination.  Now  introduce  the  two 
cells,  arranged  as  a  compound  circuit,  instead  of  the  single  cell 
at  c.  Bring  the  needle  as  before  to  45°,  interposing  one  or  more 
of  the  resistance  coils  at  d,  if  needed,  by  turning  the  spring  upon 
the  wood  of  the  reels,  and  complete  the  adjustment  by  coiling  or 
uncoiling  the  wire  of  the  rheostat.  Again  uncoil  the  wire  of  the 
rheostat  until  the  galvanometer  needle  stands  at  40^.  Seventy 
turns,  or  twice  the  number  previously  required  to  produce  this 
effect,  will  now  be  needed.  The  electro-motive  forces  in  the  two 
cases  are  therefore  as  35  to  70,  or  as  i  :  2.  If  instead  of  arranging 
the  two  cells  as  a  compound  circuit  the  zinc  plate  be  connected 
with  the  other  zinc  plate  and  the  copper  with  the  copper,  so  as  to 
form  a  single  circuit,  it  would  have  required  the  interposition  of 
a  greater  resistance  to  reduce  the  needle  to  45°  to  start  with  than 
when  one  cell  only  was  used ;  but  only  35  turns  of  the  rheostat 
would  be  needed  to  bring  the  needle  down  to  40**.  This  last  ex- 
periment shows  that  the  electro-motive  force  is  not  altered  by 
increasing  or  diminishing  the  size  of  the  plates. 

The  electro-motive  power  of  any  combination  may  by  means  of 
this  arrangement  be  compared  with  any  one  selected  as  a  standard : 
it  was  in  this  way  that  the  results  on  the  comparison  of  the  electro- 
motive effects  of  platinum,  zinc,  and  potassium  (260)  were  obtained. 

Processes  of  Voltaic  Discharge. 

(275)  Having  now  reviewed  the  principal  circumstances  which 
influence  or  exalt  the  activity  of  the  voltaic  battery,  we  may  pro- 
ceed to  examine  the  phenomena  which  are  manifested  when  a 
powerftd  combination  is  brought  into  action  by  connecting  its 
opposite  extremities.  Voltaic  action  is  exhibited  only  during  the 
process  of  discharge,  for  the  current  is  a  continuous  succession  of 
discharges  of  the  electricity  developed  and  maintained  by  the  con- 
tact and  chemical  action  of  the  materials  employed  in  the  con- 
struction of  the  battery.  The  discharge  of  the  voltaic  battery 
may,  like  that  of  the  ordinary  machine,  be  considered  under  three 
heads — viz.,  the  discharge  by  conduction,  as  when  the  circuit  is 
completed  by  a  wire  or  other  good  solid  conductor ;  the  discharge  by 
disruptian,m  which  case  a  luminous  appearance  is  exhibited  through 
a  short  interval  of  non-conducting  matter ;  and  the  discharge  by 
convection,  which  takes  place  in  liquids,  and  is  accompanied  by 
chemical  action  and  transference  of  the  particles  of  the  conductor* 

(276)  Conduction, — In  all  cases  where  electricity  is  in  motion^ 
whether  it  be  excited  by  chemical  action,  as  in  the  voltaic  pile^  or 
by  friction^  as  in  the  common  electrical  machine^  the  force  is  con-* 
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vcyed  by  the  entire  thickness  of  the  conductor ;  the  charge  is  not 
confined  to  the  surface,  as  occurs  ii^hen  the  power  is  stationaij 
and  produces  eflfects  by  induction  only.  In  the  case  of  the  voltaie 
current  as  well  as  in  the  momentary  dischai^e  of  the  Lejdea 
battery,  by  far  the  greater  portion  of  the  induction  occurs  betweea 
one  transverse  section  of  the  conductor  and  the  adjacent  sectjou 
immediately  before  and  behind  it ;  and  but  a  small  proportion  of 
the  induction,  sufficient  however  to  be  distinctly  manifest,  is 
diverted  to  surrounding  objects.  By  reducing  the  thickness  or 
diameter  of  the  conducting  material,  a  large  quantity  of  the  force 
is  compelled  to  traverse  a  given  number  of  conducting  particles  in 
the  same  time,  and  a  great  elevation  of  temperature  is  thus  pro- 
duced. The  heat  may  rise  sufficiently  high  to  cause  ignition  of 
the  wire,  and  this  ignition  may  be  produced  at  any  point  of  the 
circuit,  so  as  to  produce  the  explosion  of  a  charge  of  gunpowder 
sunk  in  the  depths  of  the  ocean,  or  buried  within  the  recesses  of 
a  mine;  the  operations  of  blasting  may  thus  be  made  to  assume 
a  degree  of  certainty  and  of  safety  hitherto  unattained  by  other 
means,  since  the  moment  at  which  the  discharge  shall  take  place 
is  absolutely  under  control. 

Elevation  of  temperature  diminishes  the  conducting  power  of 
the  metals :  a  good  experimental  proof  of  this  fact  is  afforded  by 
transmitting  through  a  platinum  wire,  a  voltaic  current  of  sufficient 
power  to  raise  the  wire  to  a  dull  red  heat ;  and  whilst  the  current 
is  still  passing,  igniting  a  loop  of  the  wire  in  the  flame  of  a  spirit 
lamp;  the  temperature  of* the  other  part  immediately  falls,  owing 
to  the  diminished  amount  of  electricity  which  traverses  it,  in  con- 
sequence of  the  increased  resistance  offered  to  the  passage  of  the 
current  by  the  strongly  ignited  part  of  the  wire.  If  a  loop  of  the 
wire  be  cooled  by  immersion  in  water,  the  opposite  effect  is  pro- 
duced ;  for  in  this  case  the  reduction  of  temperature  at  one  point 
enables  a  larger  quantity  of  electricity  to  pass  through  the  wire, 
which  may  thus  be  raised  to  a  heat  approaching  its  point  of  fusion. 
The  power  of  a  voltaic  combination  may  be  roughly  estimated  by 
the  number  of  inches  of  platinum  wire  of  uniform  diameter,  which 
it  will  heat  to  redness :  the  same  quantity  of  electricity  is  trans- 
mitted in  equal  intervals  of  time  through  wire  o(  the  same  tempera- 
ture, whether  it  be  an  inch  only  or  several  feet  in  length ;  but  the 
increased  length  which  the  stronger  current  will  ignite  measures 
the  increase  in  tension  and  intensity  of  the  electric  discharge. 

The  conducting  power  of  the  different  metals  for  electricity 
varies  nearly  in  the  same  order  as  their  power  of  conducting  heat ; 
but  it  is  remarkable  that  charcoal,  though  so  bad  a  conductor  of 
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heat,  transmits  electricity  with  great  facility.  The  measurement 
of  the  conducting  power  of  solids  and  of  liquids  for  electricity 
has  occupied  the  attention  of  many  distinguished  philoso- 
phers. An  ingenious  method  was  proposed  many  years  ago  hy 
Becquerel,  who  constructed  a  differential  galvanometer^  in  which 
the  needles  were  surrounded  hy  two  insulated  copper  wires  of 
equal  length  and  diameter ;  they  were  coiled  in  the  usual  way,  and 
formed  two  independent  circuits,  so  that  the  galvanometer  had 
four  terminations  instead  of  two.  When  two  perfectly  equal 
currents  were  transmitted,  one  through  each  wire  in  opposite 
directions,  they  exactly  neutralized  each  other  in  their  eflTect  upon 
the  needle,  which  therefore  remained  stationary;  but  if  either 
current  preponderated,  a  corresponding  deviation  of  the  needle  was 
occasioned.  To  use  the  instrument,  a  small  voltaic  combination 
was  connected  with  the  galvanometer,  two  wires  passing  from  each 
pole,  so  as  to  divide  the  current  into  two  exactly  equal  portions, 
one  being  transmitted  through  one  of  the  coils,  the  other  through 
the  second  coil  in  the  opposite  direction.  Wires  of  the  diflferent 
metals  were  then  introduced  into  the  two  circuits.  If  into  either 
circuit  a  conductor  of  inferior  power  were  introduced,  the  current 
in  that  circuit  was  proportionately  diminished,  and  the  needle  was 
disturbed ;  but  the  equilibrium  could  be  restored  by  increasing 
the  length  of  the  wire  in  the  other  circuit ;  then  by  comparing 
the  lengths  of  the  two  wires  thus  introduced,  their  relative  con- 
ducting power  could  be  inferred.  By  means  of  this  instrument, 
conjoined  with  the  use  of  Wheatstone's  rheostat,  Ed.  Becquerel 
was  enabled  to  measure  the  conducting  power  of  a  number  of 
•wires  of  different  metals,  with  precision  {Ann.  de  Chimie,  III.  xvii. 
266).  The  relative  conducting  powers  of  the  wires  were  obtained 
by  ascertaining  the  lengths  of  the  rheostat  wire,  which  was  re- 
quired to  restore  the  equilibrium,  when  wires  of  different  metals 
were  employed.     In  fig.  221  is  exhibited  the  arrangement  adopted 

FlO.  321. 


in  these  experiments.     6  is  the  differential  galvanometer  with  its 
four  wires,  i  and  3  being  the  terminations  of  one  coil^  2  and  4 


462 


ELECTRIC   CONDUCTIVITY  OF    MBTAI^. 


those  of  the  other  coil ;  h,  a  voltaic  pair ;  r,  the  rheostat ;  and  r, 
the  metallic  wire^  the  resistance  of  which  is  to  be  measured.  Thk 
wire  is  stretched  and  insulated  between  two  bindiDg  clamps^  a  andB; 
8  s^  is  a  copper  scale  with  linear  subdivisions  for  measuring  the 
length  of  the  wire  which  is  included  in  the  circuit ;  d  is  a  slidiiig 
clamp  of  copper^  which  can  be  made  to  move  in  either  directkm 
along  the  scale  s,  and  can  be  connected  with  w,  at  any  desired 
pointy  by  the  clamp  at  d.  Suppose  the  resistance  of  a  certain 
length  of  te;  is  to  be  measured.  The  current  from  h  is  difided 
into  two  portions  so  as  to  send  each  in  opposite  directions  througli 
the  galvanometer.  One  half  of  the  battery  current  is  made  to 
pass  along  the  wire  ///,  up  the  clamp  d,  and  through  part  of  the 
wire^  w ;  the  other  half  is  transmitted  through  the  rheostat,  in 
the  direction  shown  by  the  arrows.  By  coiling  or  uncoiling  the 
wire  of  the  rheostat,  the  two  circuits  are  rendered  exactly  equal, 
so  that  the  needle  of  the  galvanometer  shall  stand  at  o^.  Now, 
if  D  be  undamped,  and  it  be  caused  to  slide  through  a  definite 
distance,  say  twelve  inches  towards  b,  the  equilibrium  of  the  gal* 
vanometer  will  be  destroyed ;  since  the  resistance  in  w  is  increased, 
whilst  that  in  the  rheostat  remains  unaltered ;  but  by  uncoiling 
the  wire  of  the  rheostat,  additional  resistance  can  be  introduced 
into  the  circuit  of  which  it  forms  a  part;  the  equilibrium  may 
thus  be  again  restored,  and  the  resistance  of  twelve  inches  of  v 
will  be  given  by  counting  the  number  of  coils  of  the  rheostat  re- 
quired. The  comparative  resistances  of  any  number  of  different 
wires  introduced  at  w  may  thus  be  readily  ascertained. 

The  following  table  exhibits  the  conducting  power  of  wires  of 
equal  length  and  diameter  of  various  metals  as  determined  by  this 
process.  The  mercury  was  placed  in  a  glass  tube  of  unifom 
diameter. 

Electric  Conductivity  of  Metals.     {E.  Becquerel,) 


HoUli  emplojed. 

At  33°  p. 

At  ai3«»  F. 

At  aia'»  F. 

Lofls  per  cent. 

eaonmet*! 

being  100  »t 

Silrer  »t  33O 
=  100. 

Silver  »t  33° 
P.  =  xoo. 

Silrer  at  axa^ 
=  xoo. 

Silver      

Copper    

Gold        

Cadmium        

Zinc        

Tin 

Iron        

Lead       

Platinum        

Mercury 

too 
64-960 

24579 
24-063 

14-014 

12-350 

8*277 

7*933 
1*738 

71*316 
64-919 
48-489 
17*506 

17-596 
8*657 

8*387 
5*761 

6-688 
I676 

100 
91-030 
67-992 

24*547 
24-673 
12139 

11-760 
8-078 
9*378 

a'2o8 

28-7 
29-1 

254 
28-8 
36-9 

383 
32*2 

307 

15*7 

94 
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These  metals  were  carefully  purified  and  well  annealed.  It 
was  found  tliat  annealed  metals  conducted  better  than  those  which 
had  not  undergone  this  process.  The  effect  even  of  a  moderate 
elevation  of  temperature  in  reducing  the  conducting  power  is  very 
considerable,  as  will  be  evident  by  comparing  the  second  column 
of  figures  in  the  table  with  the  first. 

Matthiessen  {PhiLTVans.  1858,  p. 383,  i86a,  p.  1;  and  Proceed. 
Roy.  Soc.  xii.  472)  gives  the  following  as  the  conducting  powers 
of  wires  of  different  metals  of  equal  diameter.  He  considers  the 
metals  in  the  first  table  to  have  been  chemically  pure.  The  wires 
of  the  oxidizable  metals  were  obtained  by  forcing  them  through 
an  opening  in  a  steel  plate,  by  strong  pressure,  the  wire  as  it  was 
formed  being  received  into  a  vessel  filled  with  naphtha.  The  con- 
ducting power  was  determined  by  the  process  described  by  Mat- 
thiessen in  the  Philosophical  Magazine  for  February,  1857.  It 
is  a  modification  of  one  of  the  methods  devised  by  Wheatstone,  in 
which  an  ordinary  galvanometer  is  employed  {Phil.  TVans,  1843^ 

P-  3^3)' 

Electric  Conductivity  of  Metals.     {Matthiessen.) 


Metal  (pure). 


Silver  (bard-drawn) 
Copper  (bard-drawn) 
GroiQ  (hard-drawn) 
^mc        •••     •••     ... 

Cadmiam       

Cobalt     

Iron  (hard-drawn) 

Ssi  lCK6i      «».      

Tin 

Thallium        

IjBBXI  ...       ...      ,,, 

Arsenicum      

Antimony       

Bismuth 


CondactiTitj. 

Condaetrnty  »t  aia^. 

A 

SiWer  At 

Eaohmeta] 

1  coxnoared 

Silver  At 

$i**=ioo. 

aia'*a  100. 

with  itaelf  at  ja^^s  loo. 

At3a» 

At  ai3« 

Loasperoi. 

lOO'OO 

71-56 

100*00 

71*56 

28*44 

9995 

70*27 

9820 

70*31 

29*69 

7796 

5590 

78-11 

71*70 

28*30 

39*oa 

2067 

28*89 

71*23 

28*77 

2373 

1677 

2344 

70*70 

29*30 

17-22 

i6-8i 

1311 

12-36 

8-67 

12*12 

70*11 

29*89 

916 

68*58 

3 ''43 

832 

5*86 

8'i8 

70*30 
69-88 

29*61 

476 

3*33 

465 

30-12 

4-62 

3-26 

455 

7054 

29-46 

1245 

0-878 

1*227 

70-51 

29-49 

Matthiessen  and  Von  Bose  conclude  from  these  experiments 
that  the  law  of  decrease  of  electric  conductivity  is  the  same  for 
all  metals^  and  it  will  be  at  once  apparent  that  the  relative  con- 
ducting powers  of  the  metals  continue  to  be  the  same  with  trifling 
variation,  whether  they  be  compared  at  32®  or  at  aia®,  as  will  be 
evident  by  comparing  the  first  and  third  columns  of  figures  with 
each  other.  The  numbers  given  fi^r  iron^  cobalt,  and  nickel  are 
calculated  from  experiments  upon  specimens  of  these  metals^ 
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"known  to  be  slightly  impure.  In  the  table  which  foUoira^ 
metals  were  commercially  pure,  but  the  conductivity,  when  not 
absolutely  accurate,  is  probably  below  the  truth,  as  the  additioa 
of  a  second  metal  always  diminishes  the  conductivity. 


MetAl. 


Silver 
Copper    ... 
Sodium   ... 
Aluminum 
Magneflium 
Calcium  ... 
Potassium 
Lithium  ... 


Conducting 

Temp. 

Power. 

op 

lOO'OO 

320 

77*43 

65-8 

37*43 

71*0 

33*76 

672 

35*47 

6r6 

2214 

622 

2085 

68*7 

1900 

680 

MeUl. 


Iron         ...     . 

Palladium 

Platinum 

Strontium 

Mercury  ...    . 

Tellurium 

Eed  Phosphorus 


Condoctang 

"^ 

powier. 

op 

1444 

68*7 

12*64 

^•0 

10-53 

692 

671 

689 

163 

73^ 

•00077 

67*3 

'00000123 

75*2 

Matthiessen  finds  that  scrupulous  attention  to  the  purity  of  the 
metals  is  essential.  The  presence  of  2*5  per  cent,  of  phosphorus 
in  copper  reduced  the  conducting  power  of  a  specimen  of  the  pure 
metal  from  100  to  7*52.  A  mere  trace  of  arsenic  in  the  copper 
reduced  it  from  100  to  60,  and  the  presence  of  a  little  sub-oxide 
in  the  metal  had  a  very  marked  effect  in  reducing  the  conducting 
power.  Indeed,  there  are  few  metals  more  easily  affected  in  con- 
ducting power  by  slight  traces  of  impurity  than  copper,  so  that 
very  great  differences  in  conducting  power  are  observed  in  wires 
drawn  from  different  samples  of  what  would  be  regarded  as  good 
commercial  copper. 

The  conducting  power  of  an  alloy  is^  generally  bdow  that  of 
the  mean  of  its  component  metals.  This  is  seen  in  the  alloy  of 
antimony  and  tin ;  but  the  alloys  of  tin  and  lead,  tin  and  zinc, 
zinc  and  cadmium  give  a  conductivity  almost  exactly  the  mean  of 
that  of  the  component  metals,  allowing  for  the  proportion  of  each 
that  is  present.  A  similar  fact  was  observed  by  Calvert  and 
Johnson  (149)  in  the  conducting  power  for  heat  of  some  of  these 
very  alloys. 


AUoy. 

Silver  =  loo. 

Tenqp.  °  P. 

Calculated 
Conductivity. 

Observed 
Conductivity. 

ZnCd 

ZnSn 

8nJ»b 

SnPb 

SnPb^ 

2  Antimony,  i  part  tin    

2404 

17*13 
10-31 

909 

8-22 

11*99 

2378 

17*43 

10-55 
9*20 

826 
0-413 

694 
71*6 
71*6 

705 
727 

77*0 
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Lenz  found  that  all  the  metals  continued  to  decrease  in  con- 
ductivity as  the  temperature  rose  to  400°,  and  Dr.  Bobinsou 
proved  that  this  diminution  continued  as  they  were  raised  pra« 
gressively  to  a  red  and  even  to  a  white  heat. 

The  non-metallic  bodies  appear  to  increase  in  conductivity* 
as  the  temperature  rises,  for  Matthiessen  found  that  the  con- 
ducting power  of  graphite  and  of  coke  was  increased  by  heating 
them,  the  electric  conductivity  of  gas  coke  rising  about  12  per 
cent,  between  the  ordinary  atmospheric  temperature  and  a  '  light' 
red  heat.  Hittorf  obtained  an  analogous  result  with  selenium. 
Comparing  the  conducting  power  at  ordinary  temperatures  of 
different  forms  of  carbon  with   that  of  silver  at  32°  as   100°, 

Matthiessen  obtained  the  following  values:  — 

F. 
Pure  Ceylon  graphite 0*0693  at  71^6 

Gas  coke 0*0386  at  77^ 

Bunsen's  battery  coke 0*0246  at  79*2 

(277)  If  equal  amounts  of  electricity,  whether  obtained  from  the 
voltaic  battery  or  from  the  electrical  machine,  be  made  to  traverse 
wires  of  different  metals  of  equal  length  and  diameter  in  the  same 
interval  of  time,  the  rise  of  temperature  in  the  wire  is  inversely 
proportioned  to  its  conducting  power,  and  therefore  the  better  the 
conductor  the  less  heat  does  it  emit.  The  general  truth  of  the 
fact  may  in  the  case  of  voltaic  electricity  be  rudely  but  strikingly 
demonstrated  by  taking  a  wire  of  silver  and  one  of  platinum,  each 
of  exactly  the  same  diameter,  and  forming  them  into  a  compound 
wire  consisting  of  alternate  links  of  the  two  metals.  A  current 
of  electricity  may  be  transmitted  through  this  compound  wire,  of 
such  a  strength  as  to  heat  the  platinum  to  visible  redness,  whilst 
the  silver  links  will  eadiibit  no  such  intense  heat,  though  each  link 
of  the  wire,  from  the  form  of  the  experiment,  must  transmit  equal 
quantities  of  the  force  in  equal  times.  It  has  been  ascertained 
that  the  heat  developed  at  any  part  of  the  circuit  is  proportional 
to  the  square  of  the  force  of  the  current  multiplied  into  the  re- 
sistance at  that  particular  point.  For  the  same  wire  the  rise  of 
temperature  is  proportioned  to  the  square  of  the  quantity  of  elec- 
tricity, and  this  is  true  also  for  liquid  conductors. 

Andrews  [Proceed,  Roy,  Irish  Acad,,  June,  1840),  found  that 
when  a  fine  platinum  wire  was  traversed  by  a  current  from  one 
of  Darnell's  constant  batteries,  the  ignition  of  the  wire  varied  in 
intensity  by  varying  the  gas  with  which  he  surrounded  the  wire. 
This  wire  was  enclosed  in  a  glass  tube,  which  could  be  filled  at 
pleasure  with  the  dificrcut  gases  in  succession.     It  was  found  that 
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gaseous  sulphurous  anhydride  and  hydrochloric  acid  had  a  snulltt 
cooling  power  than  atmospheric  air.  Nitro^n,  carbonic  obd^ 
cyanogen,  carbonic  acid,  nitric  oxide,  nitrous  oxide,  oz^en,  ud 
aqueous  vapour,  had  nearly  the  aame  effect  as  atmospbeiic  lii. 
Olefiant  gss,  ammonia,  the  vapour  of  alcohol  and  of  ether  had  i 
greater  cooling  power ;  and  hydrogen,  a  &r  greater  cooling  pom 
than  any  of  the  others.  The  same  suhject  has  also  been  inrati- 
gated  by  Grove,  [Phil.  Traiu.,  1849.) 

The  following  experiment  illostrates  the  cooling  effect  of  I17- 
drogen  very  clearly.     Take  three  pieces  of  stout  copper  wire,  bend 
them  into  the  form  shown  at  *  * 
*^'°' "''  w,  fig.  32a,  and  attach  them  to  > 

weighted  hoard,  by  which  the  lower 
part  of  the  bends  can  be  sunk  be. 
neath  the  sui&ce  of  water  con- 
s  tained  in  a  shallow  vessel.  At  a  and 
b,  where  the  wires  project  above 
the  surface  of  the  water,  complete 
the  connexion  by  means  of  spirals  of  fine  platinum  wire,  boA 
spirals  being  equal  in  length,  and  each  cut  from  the  same  wire. 
Each  spiral  will  thus  oppose  an  equal  resistance  to  the  passage  of 
the  current.  Vthen  a  voltaic  current  of  a  certain  intensity  is 
transmitted  through  the  wire,  www,  each  spiral,  consequently, 
becomes  heated  to  the  same  degree  of  visible  ignition.  But  if 
two  similar  jars,  one.  A,  filled  with  air,  the  other,  h,  filled  witli 
hydrt^en,  be  inverted  over  them,  the  wire  in  the  jar  h  imme- 
diately ceases  to  be  luminous,  while  that  in  a  becomes  more 
intensely  ignited.  This  superior  cooling  action  of  the  hydrogen 
is  no  doubt  mainly  due  to  the  superior  mobility  of  the  particles  of 
the  gas  over  those  of  air.  (1,^2,  160.) 

The  experiment  was  varied  by  enclosing  the  wires  a  and  6  in 
separate  glass  tubes,  and  sealing  them  up,  one  in  an  atmosphere 
of  air,  the  other  in  an  atmosphere  of  hydrogen.  Both  were  then 
iucluded  in  the  same  circuit,  so  that  they  should  transmit  equal 
amounts  of  electricity.  Before  transmitting  the  current,  however, 
each  tube  was  immersed  in  a  separate  vessel  which  contained  a 
weighed  quantity  of  water,  the  temperature  of  which  was  accurately 
observed.  After  the  current  had  been  allowed  to  pass  for  a 
certain  time,  the  temperature  of  the  water  which  surrounded  each 
wire  was  again  observed,  and  it  was  found  that  the  water  which 
was  around  the  tube  which  contained  air  was  considerably  hotter 
than  that  which  surrounded  the  tube  filled  with  hydrogen. 

This  result,  paradoxical  as  it  appears,  and  as  it  seems  to  have 
been  regarded  by  Orove,  must  necessarily  follow  from   the  ope- 
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ration  of  two  principles  which  have  already  been  explained ;  the 
first  of  these  is,  that  the  resistance  offered  by  a  metal  to  the  pas- 
sage of  electricity  is  diminished  by  reducing  the  temperature; 
and  the  second  is,  that  the  heat  evolved  by  a  current  in  passing 
through  a  conductor  is  inversely  as  the  resistance  which  it  expe- 
riences. Now,  in  this  experiment,  the  primary  effect  of  the  hy- 
drogen is  the  cooling  of  the  conducting  wire;  and  the  conse- 
quence is  that  this  cooled  wire,  in  transmitting  the  same  current 
as  a  similar  wire  in  air,  offers  less  resistance,  and  less  heat  is  there- 
fore evolved  by  the  wire  surrounded  by  the  hydrogen  than  by  the 
wire  which  is  surrounded  by  air. 

(278)  Electric  Conductivity  of  Liquids. — Liquids  are  very 
inferior  to  solids  in  conducting  power;  indeed,  the  difference 
between  the  two  classes  of  bodies  is  so  extreme  that  it  is  difficult 
to  institute  an  accurate  comparison  between  them.  The  attempt, 
however,  has  been  made  by  Pouillet :  assuming  as  the  unit  of  com- 
parison the  conducting  power  of  a  solution  of  sulphate  of  copper 
saturated  at  59®,  he  gives  the  following  as  the  relative  conducting 
power  of  the  undermentioned  solutions : — 

Saturated  solution  of  sulphate  of  copper  .     •     i 
Ditto,  diluted  with  an  equal  bulk  of  water    .     0*64 
Ditto,  diluted  with  twice  its  bulk  of  water    .     0*44 
Ditto,  diluted  with  four  times  its  bulk     .     .     0*31 

Distilled  water 0*0025 

Ditto,  with  7^  Vo-5^  of  ^*ric  acid     ....     0*015 

Platinum  wire 2,500,000*00 

The  conducting  power  of  a  platinum  wire,  of  a  diameter  and  length 
equal  to  that  of  the  interposed  columns  of  liquid  is  probably 
estimated  too  high. 

Since  these  results  of  Pouillet^s  were  published,  the  subject  of 
the  conducting  power  of  liquids  has  been  resumed  by  E.  Becquerel, 
in  the  paper  already  cited.  He  states  that  saline  solutions  may 
be  divided  into  two  classes ;  in  the  first,  the  conducting  power  in- 
creases progressively  in  proportion  to  the  strength  of  the  solution, 
until  it  becomes  saturated;  sulphate  of  copper  and  chloride  of 
sodium  affording  instances  of  this  kind  :  whilst  in  the  second  class, 
of  which  nitrate  of  copper  and  sulphate  of  zinc  may  be  taken  as 
examples,  the  conducting  power  increases  with  the  degree  of  con- 
centration up  to  a  certain  point,  beyond  which  it  diminishes  as 
the  solution  becomes  more  nearly  saturated.  The  salts  which  exhibit 
this  peculiarity  are  either  deliquescent  or  extremely  soluble.  The  fol- 
lowing table  contains  a  few  of  BecquereFs  results.  The  saline  liquids 
are  to  be  considered  as  saturated  unless  otherwise  specified : — 

H  H  2 
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SabttftDOM  used. 


Pure  Silver 


(  Solation  of  Salphate  of  Copper .. 

<  Do.    half  the  strength 

(         Do.    one  fourth  the  strength 

isolation  of  Chloride  of  Sodium . . 
Do.  half  the  strength 
Do.  one  fourth  the  strength 
!  Solution  of  Nitrate  of  Copper  . . . 
Do.  half  the  strength 
Do.  one  fourth  the  strength 
(  Solution  of  Sulphate  of  Zino    ... 

<  Do.    half  the  strength 

(        Do.    one  fourth  the  strength 
Oil  of  Vitriol  i  measure  ) 

Distilled  Water  t  i  measures     ) 

Nitric  Acid  (Commercial) 

Platinum      


Dendtj. 

Teinp.<^F. 

ConduetiBg  povflr. 

32 

1 00,000,000-00 

1-1707 

50 

S'4» 

3*47 

a-08 

56 

31 S* 

2308 

13-58 

r6oo8 

55 

8-995 

17703 

13*443 

1-4410 

58 

577 

713 

5'43 

66 

88-68 

i'3i 

56 

9377 

32 

7.933»o«>'<» 

It  is  not  surprising  that  differences  so  considerable  ahonld  be 
observed  between  the  conducting  powers  of  liquids  and  those  of 
solids ;  for  the  processes  of  conduction  in  the  two  cases  are  essen- 
tially different.  In  liquids  chemical  decomposition  and  firee  move- 
ment of  the  component  particles  are  indispensable^  whilst  nothing 
of  the  kind  takes  place  in  solids.  The  effects  of  heat  are  even 
inverted  in  the  two  cases ;  for  experiment  shows  that  as  the  tem- 
perature rises,  the  conducting  power  of  the  liquid  increases 
rapidly ;  according  to  Becquerel,  the  conducting  power  of  many 
solutions  at  212^  F.  is  three  or  four  times  as  great  as  that  of  the 
same  solution  at  32°.  These  phenomena^  therefore,  are  the 
reverse  of  those  presented  by  most  soUds.  Exceptions,  however, 
occur :  Faraday  has  shown  that  sulphide  of  silver,  when  cold,  is 
an  insulator,  but  by  warming  it  gently  it  begins  to  conduct,  and 
when  hot  it  affords  a  spark  like  a  metal ;  at  a  point  a  little  below 
redness  it  conducts  suflSciently  to  maintain  its  conducting  power 
by  the  heat  of  the  current  which  it  transmits.  Sulphide  and 
fluoride  of  lead,  as  weU  as  iodide  of  mercury,  also  exhibit  the 
same  peculiarity.  Glass,  when  cold,  is  an  excellent  insulator 
of  the  electricity  developed  by  friction,  but  when  heated  it  con- 
ducts, and  when  red  hot  it  possesses  scarcely  any  insulating  power ; 
the  same  thing  is  also  true  of  the  tourmaline.  Most  of  these 
cases  have  been  traced  to  a  partial  chemical  decomposition  of  the 
compound  under  the  influence  of  softening  by  heat  (Beetz,  Phil. 
Maff.,  1854,  p.  191).     When  liquefied  by  heat,  these  compounds 
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all  undergo  chemical  decomposition^  and  allow  the  current  to  pass 
freely. 

(279)  Electric  Conducting  Power  of  Gases. — Gases  are  almost 
perfect  insulators  of  the  voltaic  current ;  although  some  feeble  in- 
dications of  conducting  power  have  been  discovered  by  Andrews, 
as  well  as  by  Hankel,  by  E.  Becquerel,  and  by  Buff,  in  a  highly 
rarefied  atmosphere,  between  metallic  surfaces  strongly  ignited  and 
in  close  approximation ;  and  Magnus  finds  that  small  as  is  the 
conducting  power  of  gases,  they  differ  in  degree  in  this  respiect, 
hydrogen  surpassing  other  gases  and  vapours. 

Grove  has  further  shown,  that  in  flame  a  current  of  electricity 
is  not  only  transmitted,  but  that  there  is  evidence  of  its  produc- 
tion within  the  flame,  and  he  attributes  its  origin  to  chemical 
action.  Becquerel  regards  it  as  a  thermo-electric  phenomenon  (Ann. 
de  Chimie,  III.  lii.  411).  BecquerePs  experiments,  however,  are 
not  conclusive;  and  the  feebleness  of  thermo-electric  currents, 
coupled  with  the  slight  conductivity  of  flame,  render  such  a  view 
inadmissible.  If  two  platinum  wires  be  connected  with  the  extre- 
mities of  a  galvanometer,  the  free  ends  of  the  platinum  being 
twisted  into  a  small  coil,  and  one  of  the  platinum  wires  be  inserted 
into  the  root  of  the  blowpipe  flame,  whilst  the  other  is  introduced 
just  in  front  of  the  apex  of  the  blue  cone,  a  current  will  be  indi- 
cated, passing  from  the  root  to  the  apex  of  the  flame.  By  forming 
several  jets  of  flame  together  into  a  compound  circuit,  Grove  suc- 
ceeded in  decomposing  a  solution  of  iodide  of  potassium  by  means 
of  the  currents  obtained  from  flame.  Under  certain  circumstances, 
however,  which  we  now  proceed  to  notice,  highly  heated  gaseous 
matter  appears  to  transmit  voltaic  power  of  high  intensity,  and  the 
phenomena  thus  displayed  are  of  a  most  brilliant  and  remarkable 
kind. 

(280)  Disruptive  Discharge — Electric  Light. — ^When  the  cur- 
rent is  greater  than  the  conductor  is  able  to  convey,  the  wire 
melts,  and  is  dispersed  in  vapour;  disruptive  discharge,  in  fact, 
occurs.  From  a  powerftd  voltaic  battery  this  disruptive  discharge 
may  be  maintained  continuously,  owing  to  the  enormous  quantity 
of  electricity  in  circulation. 

If  the  air  be  rarefied  between  the  interrupted  conductors,  the 
interval  through  which  the  discharge  can  be  effected  may  be  con- 
siderably increased.  Thus  the  heat  developed  by  the  passage  of  the 
current  between  two  pieces  of  charcoal  when  they  are  in  contact, 
will  enable  them  to  be  separated  for  a  considerable  distance  with- 
out interrupting  the  passage  of  the  current ;  this  distance  ranges 
from  f  inch  to  i  inch  when  a  series  of  seventy  of  Darnell's  cells 
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twenty  inches  in  height  are  employed.  Davy,  with  the  great  bit 
tery  of  the  Royal  Institution^  consisting  of  2000  pairs  of  plita 
on  WoUaston^s  construction^  obtained  an  arc  of  flame,  betwea 
charcoal  points^  four  inches  in  lengthy  and  of  dazzling  brilliaiicj. 

Despretz^  by  using  600  cells  of  Bunsen's  construction  amnged 
consecutively,  succeeded  when  the  points  were  placed  in  a  yertial 
line  with  the  negative  pole  below^  in  obtaining  an  arc  7*8  inda 
in  length.  With  100  pairs  the  arc  was  only  one  inch  long.  The 
mobt  intense  lights  however,  is  obtained  when  the  points  are  sepa- 
rated but  to  a  small  distance,  because  the  resistance  then  being 
less,  a  much  larger  quantity  of  electricity  passes  in  a  given  time, 
and  the  temperature  is  proportionately  higher.  I>espretz  found 
he  obtained  a  much  more  intense  light  by  employing  his  600  cdls 
in  six  parallel  series^  so  as  to  form  100  cells  of  six  times  the  ordi- 
nary size^  than  when  they  were  connected  into  one  continuoos 
series.  He  estimated  the  light  with  the  arrangement  of  600  in 
six  parallel  series  to  be  nearly  six  times  as  great  as  when  100  ceDs 
only  were  employed, — a  result  in  conformity  with  the  anticipa- 
tions of  theory.  The  same  observer  found  that  when  the  charooal 
points  were  disposed  in  a  horizontal  direction  at  right  angles  to 
the  magnetic  meridian^  the  length  of  the  arc  when  200  pairs  of 
Bunsen  in  two  parallel  scries  were  employed,  was  greater  in  the 
proportion  of  20*8  to  16*5,  when  the  positive  pole  was  to  the  eMt^ 
than  when  it  was  to  the  west. 

During  the  production  of  this  dazzling  light  a  considerable 
mechanical  transport  of  the  materials  composing  the  terminals  of 
the  pile  takes  place^  and  there  can  be  no  doubt  that  the  ignition 
of  the  solid  particles  contributes  mainly  to  the  production  of  the 
intense  light  thus  procured.  A  cavity  is  always  produced  in  the 
piece  of  charcoal  attached  to  the  positive  wire  which  is  connected 
with  the  last  platinum  or  copper  plate  of  the  battery ;  and  at  the 
same  time  a  mammillated  deposit,  which  continually  increases  in 
length,  is  formed  upon  the  charcoal  on  the  negative  wire  in  con- 
nexion with  the  zinc  plate.  Attempts  have  been  made  to  apply 
this  light  to  the  purposes  of  illumination,  and  in  particular  caseSy 
as  for  the  display  of  optical  phenomena  in  the  class-room,  it  is 
often  of  high  value.  Its  application  is,  however,  attended  with 
great  practical  difficulties,  of  which  the  transfer  of  conducting 
material  from  one  pole  to  the  other  is  one  of  the  most  serious; 
and  it  is  very  doubtM  if,  even  when  the  mechanical  obstacles  are 
removed,  such  a  light  can  be  economically  or  advantageously  used 
for  the  general  purposes  of  illumination.  The  light  is  too  intense 
for  the  unprotected  eye  to  endure  for  any  length  of  time  in  its 
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immediate  vicinity,  and  the  expense  is  so  great,  that  anless  the 
electricity  can  be  obtained  in  the  process  of  preparing  some  che- 
mical compound  in  the  battery  itself  which  will  defray  the  cost 
of  production,  its  success  as  a  mercantile  speculation  is  very  pro- 
blematical.* 


*  The  k^ceI  appearance  of  the  electric  lamp  of  DobosMj  ia  ahown  in 
fig.  333,  in  which  t,  t  represent  the  cbarooal  pointa  between  which  the  Toltaie 
arc  is  maintained.  The  object  to  be  effected  ia  to  preaerre  theae  point*  at  a 
uniform  diatance  from  each  other,  and  at  the  aame  height  ia  the  laoteto,  so 
that  the  source  of  light  ahall  alwajs  be  kept  in  the  aame  poaition  with  reapect 
to  the  lena. 

The  rcKul'tor  by  which  thia  reault  ia  attained  ia  ahown  at  b.  Within 
thia  ia  an  electro-magnet,  and  a  clock  morement,  the  pnocipal  parts  of  which 
are  repreaented  upon  a  hu-ger  acale  in  fig.  334.     The  clock  movement  ti 
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deaiRoed  to  bring  the  two  {Mjinta  toward*  each  other  ao  aa  to  oompenaate  fbr 
ihe  waate  they  experience  in  bnraiDg,  and  the  electro-magnet  ia  employed 
to  cheek  the  cloct  action  when  no  longer  needed.  When  the  battery  ia  in 
nae  the  negatin  point  ia  aliraya  oonaomed  in  air  more  alow ly  than  the  poaitire 
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This  transfer  of  solid  particles  is  not  confined  to  cases  in 
"which  a  porous  conductor  like  charcoal  is  used.  The  deoaest 
metals^  such  as  platinum  and  iridium^  are  transferred  from  the 
positive  towards  the  negative  terminal,  but  the  arc  in  these  case* 
is  not  so  long  as  when  more  friable  materials  are  nsed.  When 
a  positive  coke  point  was  opposed  to  a  negative  electrode  of  pla- 
tinum, the  arc  was  not  more  than  half  the  length  of  that  obtained 
by  making  the  coke  negative  and  the  platinum  positive  (De  la  Rive). 
Grove  found  it  to  be  true  generally  that  in  an  oxidizing  medium 
the  brilliancy  and  length  of  the  arc  was  greatest  w^ith  the  most 
oxidizable  metals.  Van  Breda  states  that  portions  of  the  nega- 
tive terminal  are  always  transferred  towards  the  positive  wire. 
This  was  particularly  evident  when  iron  balls  were  made  the  ter- 
minals of  the  wires,  although  this  transfer  is  much  less  in  amoimt 
from  the  negative  to  the  positive,  than  the  simultaneous  transfer 
from  the  positive  to  the  negative  wire.  The  light  that  attends 
the  voltaic  arc  does  not  necessarily  proceed  from  the  combustion 
of  the  conducting  material,  for  it  occurs  in  a  vessel  from .  which  air 
is  exhausted,  with  a  brilliancy  not  much  inferior  to  that  exhibited 
by  it  in  the  air.     It  may  even  be  produced  between  two  charcoal 

one ;  and  it  beoomes  neceBsarv  to  provide  means  for  moving  each  ppii^t,  at  a 
rat«  proportioned  to  the  rapidity  of  its  consumption.  This  is  effected  by 
making  the  drams  n  and  p  of  unequal  dimensions  ;  the  chains  c  and  d  are 
employed  to  transmit  the  movements  of  the  clockwork  to  the  points  T,  t^. 
The  chain  c  attached  to  the  upper  or  negative  point  t',  is  coiled  upon  the 
smaller  drum  n,  and  passes  up  the  tubular  support  s.  This  chain  is  wound  in 
the  opposite  direction  to  that  of  the  chain  d,  which  after  passing  over  the 
pulley  e?',  is  attached  to  the  tube  containing  the  lower  or  positive  charcoal 
point  T.  Both  drums  are  placed  upon  a  common  axis,  and  therefore  both  are 
moved  by  the  clock  in  the  same  direction,  so  that  whilst  the  chain  d  attached 
to  the  lower  point  is  being  wound  up,  the  chain  c  connected  with  the  negative 
point  is  being  unwound,  though  less  rapidlv  than  d,  and  the  negative  point  is 
allowed  to  descend.  The  wires  from  the  battery  (about  40  pairs  of  Grove) 
are  made  fast  to  the  binding-screws  B,  b',  the  positive  wire  b  being  connected 
with  one  end  of  the  coil  a  a  of  the  electro-magnet  ic,  while  the  other  end  of 
this  coil  is  in  electrical  contact  with  the  lower  point  t.  The  current  is  thus 
made  to  pass  through  the  electro-magnet  on  its  way  to  the  charcoal  points. 
"When  the  electro-magnet  is  in  full  action  it  attracts  the  keeper  k  attacned  to 
the  lower  end  of  the  bent  lever  working  on  the  fulcrum  p.  The  upper 
extremity  of  this  lever,  when  the  keeper  is  drawn  home,  locks  into  the  ratchet 
wheel  seen  edgewise  at  r ;  thus  arresting  the  clock  movement,  and  rendering 
the  charcoal  points  stationary.  As  soon  as  the  distance  between  the  points 
becomes  too  great,  the  current  through  the  electro-magnet  becomes  reduced 
in  power,  and  lets  go  the  keeper  k,  which  is  forced  away  from  the  magnet  by 
the  releasing  spring  g.  By  tnis  means  the  clockwork  is  immediately  set  free, 
and  the  points  are  thus  made  to  approach  each  other,  until  the  current  re- 
covers sufficient  force  again  to  attract  the  keeper,  which  once  more  locks  into 
the  ratchet  wheel  r.  When  the  battery  is  in  good  action,  these  alternate 
motions  of  the  keeper  and  of  the  clockwork  recur  with  frequency  and  regu- 
larity ;  so  that  the  points  are  maintained  at  a  distance  sufficiently  uniform  to 
prevent  any  sudden  or  material  fluctuation  in  the  amount  of  light. 
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points  which  are  immersed  under  water.  In  every  case,  however, 
the  transference  of  some  material  particles  is  essential  to  the  pro- 
duction of  the  luminous  arc.  Gassiot  found  that  even  when  a 
combination  of  320  cells  on  Daniell^s  construction  was  employed, 
no  spark  could  be  obtained  between  two  platinum  surfaces^  con- 
nected one  with  one  wire,  the  other  with  the  opposite  wire  of  the 
battery,  in  a  high  state  of  efiSciency,  although  the  two  platinum 
surfaces  were  brought  within  TnrW  of  an  inch  of  each  other.  If, 
however,  the  transfer  of  some  material  particles  be  effected  between 
the  two  surfaces,  either  by  a  momentary  contact,  or  even  by  the 
discharge  of  a  Leyden  jar  across  the  interval,  the  current  may  be 
established  and  the  luminous  arc  maintained  with  a  small  number 
of  pairs  of  plates. 

The  heat  produced  in  the  voltaic  arc  is  of  the  most  intense 
kind.  Metals  like  platinum,  iridium,  and  titanium,  which  resist 
the  greatest  heat  that  can  be  obtained  by  the  direct  chemical 
action  attendant  upon  combustion  in  the  furnace,  readily  melt  and 
are  transferred  fix)m  the  positive  to  the  negative  terminal  by  a  vol- 
taic current  of  high  intensity.  The  fusion  is  easily  accomplished 
by  excavating  a  circular  piece  of  gas  coke,  about  an  inch  in  dia- 
meter and  half  an  inch  thick,  into  the  form  of  a  crucible,  which  is 
attached  by  stout  copper  bell- wire  to  the  wire  which  is  in  connexion 
with  the  last  platinum  plate  of  the  battery ;  a  piece  of  boxwood 
charcoal  or  of  gas  coke  about  the  thickness  of  a  cedar  pencil  is 
attached  to  the  wire  connected  with  the  zinc  plate  of  the  bat- 
tery :  the  metal  for  trial  is  then  placed  in  the  little  coke  crucible, 
and  the  current  from  20  or  30  pairs  of  Grove's  battery  is  trans- 
mitted through  it  by  means  of  the  charcoal-point  with  which  the 
negative  wire  of  the  battery  is  armed.  Gassiot  has  pointed  out  the 
remarkable  fact,  of  which  no  explanation  has  as  yet  been  given, 
that  the  positive  wire,  or  the  wire  connected  with  the  platimum  plate, 
becomes  much  the  hotter  of  the  two  in  this  action.  This  effect  is 
reversed  in  the  case  of  the  secondary  current  obtained  from  the 
Ruhmkorff  coil  (312),  in  which  the  negative  terminal  becomes  the 
hottest,  and  from  which  the  dispersion  of  solid  particles  almost 
exclusively  occurs. 

Favre  {Compies  Rendus,  Iv.  56)  has  arrived  at  the  interesting 
conclusion  that  the  quantity  of  heat  evolved  by  the  solution  of  a 
definite  quantity  of  zinc  in  any  given  circuit  is  lessened  in  the 
battery  itself,  in  proportion  as  heat  is  evolved  at  any  given  point 
of  the  circuit,  and  that  heat  is  lost  when  motion  is  produced. 
The  quantity  of  heat  thus  lost  agrees  very  closely  with  the  quan- 
tity required  by  theory  if  Joule's  mechanical  equivalent  of  heat 
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(129)  be  adopted*     A  part  of  the  heat  is  thus  conTerted  into  me- 
chanical effect  or  motion,  as  must  be  the  case  if  the  mechanical 
theory  of  heat  (130)  be  true.     The  simple  solution  of  a  qnantitv 
of  zinc  in  sulphuric  acid^  equal  in  amount  to  that  dissolyed  in  the 
battery  during  each  experiment,  was  found  by  previous  reseaichei 
to  be  represented  by  the  number  18444.     ^^  these   experiments 
Favre  arranged  the  battery  itself  in  a  calorimeter ;  and  in  a  second 
calorimeter  he  placed  the  conducting- wire^  which  vras  coiled  in 
such  a  manner  as  to  be  applicable  to  the  production  of  dectio- 
magnetic  action,  the  amount  of  which  could  be  measured  by  iti 
power  of  raising  a  weight.      He  then  made  five  series  of  experi- 
ments.    In  the  first  of  these  the  ciirrent  traversed  the  battery 
only  and  a  short  copper  wire :  in  the  second  series^  it  traversed 
the  battery  and  the  conducting-wireof  the  coil,  the  iron  not  being 
included  in  the  coil ;  in  the  third  series,  the  metallic   core  was 
previously  placed  in  the  axis  of  the  coil ;  in  the  fourth  series,  the 
apparatus  for   rotation  was   set   in  motion,  but   no  weight  was 
raised ;  and  in  the  fifth  series  a  known  weight  was  lifted  to  a 
definite  height  by  the  action  of  the  electro-magnet.     The  results 
were  as  follows : — 


No.  of 
Ezperimentfl. 

I  St  Calorimeter. 
(Bftttery.) 

and  Calorimeter. 
(Condaoting  coU.) 

Heat  UMt  for 
Weight  raited. 

HeatUnita. 
TotaL 

1 

a 

3 

4 
5 

1868a 
18674 
16448 

13888 

15427 

aai9 

4769 
2947 

308 

1868a 
18674 
18667 
18657 
1868a 

The  fifth  column  gives  the  total  amount  of  heat  measured  in 
'units  of  heat'  {note,  p.  208),  from  which  it  will  be  seen  to  be 
sensibly  equal  in  each  case. 

The  colour  of  the  light  emitted  by  the  different  metals  when 
deflagrated  between  the  wires  of  the  battery,  is  peculiar  for  each : 
gold  burns  with  a  bluish- white  light,  silver  with  a  beautiful  green 
light,  copper  with  a  reddish  white,  zinc  with  a  powerftd  white 
light  tinged  with  blue,  and  lead  with  a  purple  light ;  steel  bums 
with  brilliant  yellow  scintillations,  mercury  with  a  brilliant  white 
light  tinged  with  blue.  If  these  lights  be  viewed  separately 
through  a  glass  prism,  large  dark  intervals  will  be  seen  between  a 
few  brilliant  streaks  of  light  of  different  colours  and  of  definite 
degrees  of  refrangibility  (107,  108), 
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Chemical  Actions  of  the  Voltaic  Battery, 

(a8i)  Discharge  by  Convection, — ^To  the  chemist^  however,  the 
discharge  of  the  voltaic  current  by  the  process  of  convection,  is 
even  more  interesting  than  the  brilliant  phenomena  exhibited  by 
the  disruptive  discharge,  since  it  is  in  the  discharge  by  convection 
that  the  important  chemical  actions  of  electricity  are  displayed. 

It  has  already  been  explained  when  describing  the  voltameter 
(27a),  that  if  the  connecting  wires  of  a  voltaic  battery  terminate 
in  platinum  plates  or  wires  which  are  made  to  dip  into  acidulated 
water,  decomposition  of  the  liquid  takes  place,  and  oxygen  and 
hydrogen  are  evolved  at  the  surfaces  of  the  platinum  plates.  This 
important  discovery  was  made  in  the  year  1800,  by  Nicholson  and 
Carlisle,  and  the  chemical  action  of  the  voltaic  pile  thus  revealed, 
enabled  Davy  a  few  years  later  to  decompose  the  alkalies  and 
earths,  which  up  to  that  time  had  been  regarded  as  elements ;  but 
by  showing  their  compound  nature,  he  at  once  modified,  in  an 
important  manner,  the  views  of  chemical  philosophy  which  had 
prevailed  up  to  that  period. 

In  pursuing  these  experiments  on  the  voltaic  decomposition 
of  water,  it  was  soon  observed  that  when  copper  wires,  or  the  wires 
of  metals  which  are  easily  susceptible  of  oxidation,  are  employed, 
gas  escapes  from  one  wire  only ;  whilst  if  platinum  or  gold  wires 
be  used,  gas  is  evolved  from  both.  In  the  first  case,  the  oxygen 
combines  with  the  copper  or  oxidizable  metal,  and  forms  an  oxide 
which  is  dissolved  by  the  acid  liquid,  and  therefore  hydrogen  alone 
escapes ;  in  the  second  case,  both  gases  are  evolved ;  since  neither 
platinum  nor  gold  has  sufficient  chemical  attraction  for  oxygen  to 
combine  with  it  at  the  moment  of  its  liberation. 

The  process  of  resolving  compounds  into  their  constituents  by 
electricity,  is  termed  electrolysis  (from  'electricity^  and  \v<ng  re- 
leasiug),  and  a  body  susceptible  of  such  decomposition,  is  called  an 
electrolyte;  the  terminating  wires  or  plates  of  the  battery  are 
called  the  poles  of  the  battery.  The  word  electrode  is  also  used 
as  synonymous  with  the  pole  of  the  battery,  and  it  implies  the 
door  or  path  (from  oSoc  a  way)  to  the  current  by  which  it  enters 
or  leaves  the  compound  through  which  it  is  transmitted. 

(282)  Laws  of  Electrolysis. — A  great  variety  of  bodies  admit 
of  being  decomposed  by  electrolysis,  but  the  pi^ocess  is  not  appli- 
cable to  all  indiscriminately.  It  occurs  under  certain  definite 
laws,  which  may  be  stated  as  follows  : — 

i.  No  elementary  substance  can  be  an  electrolyte :  for  from  the 
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nature  of  the  operation,  compounds  alone  are  susceptible  of  ckc- 
trolysis. 

2.  Electrolysis  occurs  only  whilst  the  body  is  in  the  liquid  Mi, 
The  free  mobility  of  the  particles  which  form  the  body  undergdog 
decomposition  .is  a  necessary  condition  of  electrolysis,  since  tk 
operation  is  always  attended  by  a  transfer  of  the  component  pu- 
ticles  of  the  electrolyte  in  opposite  directions.  Electrolysn  is 
necessarily  a  process  of  electrical  conduction,  but  it  is  cond1l^ 
tion  of  a  peculiar  kind ;  it  is  totally  different  from  that  of  ordinarj 
conduction  in  solids.  If  an  electrolyte  be  solidified,  it  instantlj 
arrests  the  passage  of  the  force;  for  it  cannot  transmit  the  elec^ 
current  like  a  wire  or  a  solid  conductor :  the  thinnest  film  of  any 
solidified  electrolyte  between  the  two  plates  suspends  all  decompo* 
sition.  Many  saline  bodies  are  good  conductors  when  in  a  fused  con- 
dition; for  example,  nitre,  whilst  in  a  frised  state,  conducts  admirably; 
but  if  a  cold  electrode  be  plunged  into  the  melted  salt,  it  becomes 
covered  with  a  film  of  solid  nitre,  and  no  current  is  transmitted 
until  a  continuous  chain  of  liquid  particles  is  restored  between  tlie 
plates  by  the  melting  of  the  film ;  these  effects  are  readily  exhi- 
bited by  including  a  galvanometer  in  the  circuit.  A  few  partial 
exceptions  to  this  rule  have  been  observed,  and  have  already  been 
alluded  to  (278) ;  but  in  such  cases  the  decomposition  is  always 
extremely  limited. 

3.  During  electrolysis,  the  components  of  the  electrolyte  are 
resolved  into  two  groups :  one  group  takes  a  definite  direction 
towards  one  of  the  electrodes;  the  other  group  takes  a  course 
towards  the  other  electrode.  This  direction  of  the  ions  (as  the  two 
groups  which  compose  the  electrolyte  have  been  termed)  depends 
upon  the  direction  in  which  the  chemical  actions  are  going  on  in 
the  battery  itself.  The  two  platinum  plates  in  the  decomposing 
ceU  may  be  distinguished  from  each  other  in  the  manner  proposed 
by  Daniell.  These  plates  occupy  respectively  the  position  of  a 
zinc  and  of  a  platinum  plate  in  an  ordinary  cell  of  the  battery : 
that  is  to  say,  if  for  this  decomposing  cell  an  ordinary  battery  cell 
were  substituted,  a  rod  of  zinc  would  occupy  the  place  of  one  of 
the  platinum  plates,  and  would  be  attacked  by  the  oxygen  and 
acid  in  the  exciting  liquid  of  the  battery,  whilst  a  plate  of  platinum 
or  some  other  conducting  metal  would  occupy  the  place  of  the 
second  platinum  plate,  and  would  have  the  hydrogen  of  the  ex- 
citing liquid  directed  towards  it.  To  the  plate  of  the  decompos- 
ing cell  which  corresponds  to  the  zinc  rod,  Daniell  gave  the  name 
of  the  zincode,  which  is  synonymous  with  the  anode  of  Faraday 
and  the  positive  pole  of  other  writers.      To  the  plate  which  cor- 
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responds  to  the  platinum  or  conducting  metal^  Daniell  gave  the 
name  of  the  platinode,  which  is  synonymous  with  Faraday's  term 
of  cathode^  and  with  the  negative  pole  of  other  writers.  Oxygen, 
chlorine,  and  the  acids  generally,  make  their  appearance  at  the  zin- 
code  in  the  decomposing  cell  during  electrolysis ;  whilst  hydrogen, 
alkalies,  and  the  metals  are  evolved  upon  the  platinode. 

This  definite  direction  which  the  elements  assume  during 
electrolysis  may  be  shown  by  collecting  the  gas  which  is  evolved 
over  two  platinum  plates,  connected,  one  with  the  last  platinum, 
the  other  with  the  last  zinc  plate,  of  a  combination  consisting  of 
three  or  four  pairs  of  Grove's  battery.  Hydrogen  will  be  collected 
over  the  platinode,  or  the  plate  in  connexion  with  the  zinc  end  of 
the  arrangement,  and  which  would  correspond  to  the  platinum 
plate  if  another  cell  of  the  battery  were  here  interposed  j  whilst 
from  the  zincode,  or  plate  in  connexion  with  the  platinum  of  the 
battery,  oxygen  is  evolved. 

The  following  experiment  further  illustrates  the  definite  direc- 
tion which  the  components  of  the  electrolyte  assume.  Let  four 
glasses  be  placed  side  by  side,   as  represented  in  fig.  225,  each 
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divided  into  two  compartments  by  a  partition  of  card,  or  three  or 
four  folds  of  blotting-paper,  and  let  the  glasses  be  in  electrical  com- 
munication with  each  other  by  means  of  platinum  wires  which 
terminate  in  strips  of  platinum  foil.  Place  in  the  glass  No.  i,  a 
solution  of  iodide  of  potassium  mixed  with  starch ;  in  2,  a  strong 
solution  of  common  salt,  coloured  blue  with  sulphate  of  indigo  j 
in  3,  a  solution  of  sulphate  of  ammonium,  coloured  blue  with  a 
neutral  infusion  of  the  red  cabbage ;  and  in  4,  a  solution  of  sul- 
phate of  copper.  Let  the  plate.  A,  be  connected  with  the  positive 
wire,  and  let  a  complete  the  circuit  through  the  negative  wire. 
Under  these  circumstances  iodine  will  speedily  be  set  free  in  A, 
and  will  form  the  blue  iodide  of  starch ;  chlorine  will  show  itself 
in  d,  and  will  bleach  the  blue  liquid ;  sulphuric  acid  will  be  seen 
in  /,  and  will  redden  the  infusion  of  cabbage ;  sulphuric  acid  will 
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also  be  liberated  in  h,  as  may  be  seen  by  introducing  a  piece  i 
blue  litmus-paper^  which  will  immediately  be  reddened ;  whDst  \ 
piece  of  turmeric-paper  will  be  turned  brown  in  a,  from  liberated 
potash ;  in  c  it  will  also  be  turned  brown  by  the  soda  set  free;  ii 
e  the  blue  infusion  of  cabbage  will  become  green  from  the  id- 
monia  which  is  disengaged ;  and  in  g  metallic  copper  will  lie 
deposited  on  the  platinum  foil. 

4.  The  amount  as  well  as  the  directum  of  electrolysis  is  d^ 
nUe,  and  it  is  dependent  upon  the  degree  of  action  in  the  batten/; 
being  directly  proportionate  to  the  quantity  of  electricity  m  dm- 
lation.  It  has  been  amply  proved  by  experiment  that  for  ereiy 
327  grains  of  zinc  which  is  dissolved  in  any  one  cell  of  the  batteiji 
provided  local  action  be  prevented^  9  grains  of  water  are  decom- 
posed in  the  voltameter ;  or  if^  as  in  the  preceding  experiment, 
several  electroljrtes  be  arranged  in  succession^  each  compound  wiD 
experience  a  decomposition  proportioned  to  its  chemical  equivalent 
For  instance — if  the  current  be  made  to  pass  first  through  fiused 
iodide  of  lead^  and  then  through  fused  chloride  of  tin — far  esA 
327  grains  of  zinc  dissolved  in  any  one  cell  of  the  battery^  103*5 
grains  of  lead,  and  59  grains  of  tin  will  be  separated  on  the 
respective  platinodes,  whilst  127  grains  of  iodine^  and  3S'5  g™n8 
of  chlorine  will  be  evolved  on  the  respective  zincodes.  These 
numbers  correspond  with  the  chemical  equivalents  (not  the  atomic 
weights)  of  the  several  elements  named. 

Variations  in  the  intensity  of  the  current  (t.  e.,  variations  in 
the  quantity  of  the  force  which  passes  through  a  givex^  transverse 
section  of  the  conductor  in  equal  times)  produce  no  variation  in 
the  amount  of  chemical  decomposition  which  is  efiected  by  the 
arrangement.  For  example:  if  three  similar  voltameters^  pro- 
vided with  plates  of 
Fig.  226.  equal    area,   be   ar- 

ranged as  at  a,  b,  c, 
fig.  226,  the  first  will 
transmit  twice  as 
much  electricity  in 
a  given  time  as  either 
of  the  others.  The 
current  will  there- 
'^^  fore  have  twice  the 

intensity  in  a ;  but  the  total  quantity  of  gas  collected  from  b  and  c 
together  will  be  exactly  equal  to  the  total  amount  yielded  by  a  in 
the  course  of  the  experiment.  Hence  it  follows  that  the  quantity 
of  electricity  which  is  separated  from  a  given  weight  of  matter  in 
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tlie  act  of  combination  is  able,  irrespective  of  its  intensity,  when 
thrown  into  the  current  form,  to  produce  the  decomposition  of  an 
equivalent  quantity  of  any  compound  body  which  is  susceptible  of 
electrolysis ;  and  hence  it  has  been  concluded  that  the  equivalent 
weights  of  the  simple  bodies  are  those  weights  of  each  substance 
which  are  associated  with  equal  quantities  of  electricity,  and  have 
naturally  equal  electric  powers. 

To  these  laws  may  be  added  a  fifth — ^viz. : — 
5.  Those  bodies  only  are  electrolytes  which  are  composed  of  a 
conductor  and  a  non-conductor.  The  conductors  accumulate  on  the 
platinode,  the  non-coi^uctors  on  the  zincode.  For  example,  iodide 
of  lead  when  melted  conducts  the  current ;  metallic  lead,  which 
is  a  conductor,  accimiulates  at  the  platinode ;  whilst  iodine,  which 
is  a  non-conductor  even  when  melted,  collects  at  the  zincode.  On 
the  other  hand,  red  chloride  of  sulphur  {SCl^  is  not  an  electro- 
lyte, although  composed  of  single  equivalents  of  its  components ; 
and  melted  sulphur,  and  chlorine,  when  the  latter  is  liquefied  by 
pressure,  are  both  insulators  of  electricity.  A  compound  composed 
of  two  conductors  is  equally  unfit  for  electrolysis.  For  instance^ 
a  metallic  alloy,  such  as  plumber's  solder,  composed  of  two  parts, 
or  one  equivalent,  of  lead,  and  one  part,  or  one  equivalent,  of  tin, 
when  melted,  conducts  the  current  perfectly,  but  no  separation  of 
its  constituents  is  efiected. 

(283)  Relative  Decomposability  of  Electrolytes. — ^Every  elec- 
trolyte, since  it  can  transmit  a  current,  is  also  capable  of  gene- 
rating a  current  if  it  be  employed  to  excite  action  in  the  battery 
itself.  Comparatively  few  electrolytes,  however,  are  practically 
available  for  this  purpose.  It  is  necessary  that  the  deposited 
compounds  be  dissolved  as  fast  as  they  are  produced;  otherwise 
the  crust  of  insoluble  matter  introduces  a  mechanical  obstacle  by 
which  the  action  is  speedily  checked. 

Great  differences  occur  in  the  facility  with  which  different  elec- 
trolytes yield  to  the  decomposing  action  of  the  voltaic  current. 
Generally  speaking,  the  greater  the  chemical  opposition  between 
the  elements  of  a  compound,  the  more  readily  it  yields  to  electro- 
lysis. The  following  table  exhibits  the  order  in  which,  according 
to  Faraday,  the  different  compounds  which  are  enumerated  yield 
to  electrolysis  y  those  which  are  most  readily  decomposed  standing 
first  on  the  list : — 

Solution  of  iodide  of  potassium 
Fused  chloride  of  silver 
Fused  chloride  of  zinc 
Fused  chloride  of  lead 
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Fused  iodide  of  lead 
Hydrochloric  acid 
Diluted  sulphuric  acid. 

(284)  Electro-chemical  Actions. — ^The  suspension  of  chemical 
action  which  occurs  under  the  influence  of  electrical  induction  is 
one  of  the  most  interesting  illustrations  of  the  correlation  of 
forces.  This  suspension  is  well  shown  in  the  way  in  which  zinc 
when  placed  in  contact  with  copper  beneath  the  surfEU^  of  sea- 
water,  acts  in  preventing  the  corrosion  of  copper^  and.  transfers  to 
itself  the  chemical  energy  which  would  otherwise  be  manifested 
upon  the  copper  (261).  A  similar  suspension  of  chemical  actioiL 
is  produced  in  the  ordinary  case  of  the  decomposition  of  water 
between  two  platinum  electrodes  by  the  voltaic  current :  here  the 
electricity  appears  to  act  by  weakening,  or  rather  by  partly  neu- 
tralizing, ordinary  chemical  attraction  in  one  direction,  whilst  it 
strengthens  or  adds  to  it  in  the  opposite,  and  hence  the  particles 
which  were  previously  in  combination  with  each  other  lose  their 
attraction  one  for  the  other,  and  acquire  it  for  those  particles  which 
are  next  adjacent  to  them  in  the  liquid ;  thus,  if  the  brackets  abo?e 
the  subjoined  formulae  indicate  the  state  of  combination  of  the 
elements  of  hydrochloric  acid  before  the  passage  of  the  current,  the 
brackets  below  would  indicate  the  efiect  produced  after  its  trans- 
mission, thus: — 

HCl     Hci     HCl     HCl 


Here  z  c  is  supposed  to  represent  the  battery,  and  -h  and  —  the 
terminal  wires  of  the  arrangement :  the  positive  electricity  seems 
to  detach  the  chlorine  adjacent  to  it  from  the  hydrogen  with  which 
it  was  previously  in  combination,  whilst  the  negative  electricity 
produces  a  similar  efiect  upon  the  contiguous  particles  of  hydrogen, 
and  the  intermediate  portions  are  polarized  in  the  manner  above 
represented. 

The  following  modification  of  this  experiment  also  shows  in  a 
striking  manner  the  remarkable  influence  of  electric  polarity  upon 
chemical  attraction : — If  two  separate  glasses  filled  with  diluted 
sulphuric  acid  be  placed  side  by  side,  and  into  one  glass  the  ne- 
gative wire  of  the  battery  is  plunged,  whilst  the  positive  wire  dips 
into  the  other  cell,  no  decomposition  will  ensue ;  but  if  a  con- 
nexion be  established  between  the  two  glasses  by  means  of  a  slip 
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of  platinum  foil^  one  end  of  which  is  made  to  dip  into  each,  the 
current  will  be  immediately  transmitted :  hydrogen  will  be  evolved 
upon  the  platinode  in  one  glass,  and  oxygen  upon  the  zincode 
in  the  other  glass ;  whilst,  owing  to  the  polar  condition  into  which 
the  connecting  slip  of  platinum  is  thrown,  hydrogen  will  be  given 
off  from  one  end  of  the  slip,  and  oxygen  will  be  evolved  upon  the 
other  extremity  of  it,  although  the  metal  itself  experiences  no 
sensible  change  beyond  a  slight  rise  of  temperature. 

(285)  Electrolysis  of  Salts. — It  has  already  been  stated  (a8a) 
that  when  a  binary  compound,  such  as  a  fused  chloride,  or  an 
iodide,  is  submitted  to  electrolysis,  the  ions  or  components  of  the 
compound  are  separated  at  the  respective  electrodes  in  equivalent 
proportions:  the  metal  appearing  at  the  platinode,  whilst  the 
chlorine,  or  corresponding  element,  is  deposited  at  the  zincode. 
If  the  zincode  of  the  battery  be  formed  of  a  substance  capable  of 
combining  with  the  chlorine  or  corresponding  element,  an  equiva- 
lent amount  of  the  chloride  or  other  compound  of  this  metal  will 
be  formed  there ;  and  when  the  metal  of  the  zincode  is  the  same 
as  that  contained  in  the  compound  which  is  undergoing  decompo- 
sition, the  original  compound  is  reproduced.  Thus,  if  a  quantity 
of  fused  chloride  of  silver  (AgCl)  be  decomposed  by  a  current 
which  is  conducted  into  it  by  means  of  silver  wires,  the  quantity  of 
the  chloride  will  undergo  no  alteration ;  for  in  this  experiment,  as 
fast  as  the  silver  is  deposited  upon  the  negative  wire,  a  correspond- 
ing amount  of  silver  will  be  dissolved  from  the  positive  wire,  since 
the  latter  wire  combines  with  the  equivalent  quantity  of  chlorine 
which  is  liberated  at  this  point.  Let  Ag-j-  represent  the  positive 
silver  wire,  or  zincode,  by  which  the  current  is  conveyed  into  the 
melted  chloride,  and  — Ag  the  negative  wire:  if  the  brackets  in 
the  upper  row  of  symbols  which  follow  indicate  the  combination 
before  the  passage  of  the  current,  the  lower  ones  will  show  the 
arrangement  after  the  occurrence  of  the  decomposition  : — 

-Ag  I  AgCl  A^l  AgCl  I  Ag  + 
AgAg  |"C1A^  ClAg  ClAg 


An  examination  of  the  products  fiimished  by  the  electrolytic 
decomposition  of  aqueous  solutions  of  the  oxysalts  (or  salts  formed 
from  acids  which  contain  oxygen),  exhibits  results  which  appear 
to  be  at  variance  with  the  statement  that  the  components  of  an 
electrolyte  are  separated  in  equivalent  proportions — but  further 
investigation  shows  that  they  are  strictly  in  accordance  with  it ; 
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these  experiments  also  lead  to  very  interesting  eondtuiom  I'M  I 
have  an  important  bearing  upon  the  theory  of  salts  in  gened. 

When  a  solution  of  an  oiysalt  such  as  sulphate  of  Bodinsi 
submitted  to  electrolysis,  a  quantity  of  acid  aeciunnlstea  utoi  | 
the  positive  plate,  and  of  alkali  around  the  u^ative  plate  j  lU*  I 
at  the  same  time  both  oxygen  and  hydrogen  are  set  free.  Tl(  I 
proportions  of  each  may  be  determined  by  means  c^  a  diaplinp  I 
apparatus,  in  vhieh  the  products  of  decomporation  can  be  ki^  I 
separate  from  each  other,  and  the  gases  whitji  are  evolved  on  k  I 
separately  collected.  Such  an  apparatus  was  contrived  hy  Duid,  I 
and  is  represented  in  fig.  azy.     a  and  c  are  the  two  halvesrfi  | 

Fio.  317. 


Btout  glass  cylinder,  which  arc  fitted  by  grinding  upon  a  hollow 
ring  of  gloss,  c ;  the  two  rims  of  this  ring  are  ground  down  to  a 
grooved  shoulder,  so  as  to  allow  a  thin  piece  of  bladder  to  be  tied 
over  each  end  of  the  ring,  which  thus  constitutes  a  kindof  dTami- 
at  k  is  a  small  hole  through  which  the  cavity  thus  formed  can  be 
filled  with  liquid ;  D  and  s  are  two  bent  glass  tabes  for  carrying 
off  the  gases  evolved  during  electrolysis ;  g  and  h  are  two  large 
platinum  electrodes,  which  pass  through  corks  in  the  necks  of  the 
cylinder,  and  can  be  connected  with  the  battery  by  means  of  the 
wires,  /,  i.  The  apparatus  thus  forms  three  compartments,  which 
may  be  filled  with  the  liquid  for  experiment,  and  the  whole  may 
be  supported  in  a  frame  of  wood.  By  the  employment  of  this 
apparatus,  it  is  found  that  while  a  quantity  of  acid  accomulatea  at 
the  zincode,  an  equivalent  amount  of  alkali  is  set  free  at  the 
platinode.  At  the  same  time,  a  quantity  of  gas  is  also  emitted 
from  each  electrode,  that  from  the  zincode  being  oxygen,  and  that 
from  the  platinode,  hydrogen.  Upon  placmg  a  voltameter  in  the 
course  of  the  circuit,  it  is  fijund  that  a  quantity  of  gas  is  emitted 
from  the  saline  liquid,  exactly  equal  to  that  obtained  from  the  vol- 
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-  tameter ;  and  upon  neutralizing  the  acid  and  alkali^  they  likewise 

*  are  in  equivalent  proportions  to  the  gas  which  is  emitted  (Daniell, 
f  Phil,  Trans.,  1839  and  1840).*  Suppose  that  the  gas  collected  in 
K  the  voltameter  amount  to  7 1  cubic  inches  (or  the  quantity  yielded 

•  ty  9  grains  of  water  at  60°  F.,  Bar. =30  inches),  the  united  quantity 
'  oi  oxygen  and  hydrogen  from  the  solution  of  sulphate  of  sodium 

would  be  the  same, — and,  in  addition,  one  equivalent  in  grains,  or 
7 1  grains  of  sulphate  of  sodium  would  be  decomposed ;  3 1  grains  of 
soda  (NagO)  would  apparently  be  liberated  at  the  platinode,  and  40 
grains  of  sulphuric  anhydride  (SOg)  at  the  zinoode.  Upon  substituting 
a  voltameter  of  fused  chloride  of  lead  in  the  circuit  for  one  containing 
diluted  sulphuric  acid,  and  still  continuing  to  transmit  the  current 
through  the  solution  of  sulphate  of  sodium,  it  was  found  that  for 
every  equivalent  of  chloride  of  lead  which  was  decomposed,  1  equi- 
valent of  the  mixed  gases  was  evolved  from  the  saline  solution, 
and  at  the  same  time  i  equivalent  of  the  sulphate  was  decomposed. 
What  is  observed  in  the  case  of  sulphate  of  sodium  holds  good 
also  with  the  oxysalts  of  the  alkalies  and  earths  generally. 

(286)  Bearing  of  Electrolysis  on  the  Binary  Tfieory  of  Salts, — 
It  is  a  fundamental  law  of  voltaic  action,  that  the  amount  of  force 
circulating  in  any  circuit  at  the  same  time,  is  equal  in  every  ver- 
tical section  of  the  circuit,  and  consequently  its  decomposing 
<jnergy  in  each  section  must  also  be  equal ;  yet  in  the  case  of  the 
sulphate  of  sodium,  there  appears  to  be  in  the  saline  solution  twice 
the  amount  of  decomposition  that  occurs  in  the  adjacent  volta- 
meter, though  both  are  transmitting  the  entire  current  from  the 
battery.  A  satisfactory  and  complete  explanation  of  this  anomaly 
is,  however,  effected  by  the  binary  theory  of  salts  in  the  following 
manner : — 

Upon  the  binary  theory  of  salts,  the  component  ions  of  sulphate 
of  sodium  are  not  soda  and  sulphuric  anhydride  (Na20,iSi03)  but 
sodium  and  sulphion  (a  compound  of  4  atoms  of  oxygen  and  i  of 
sulphur),  the  compound  being  sulphionide  of  sodium  (Na^SOJ ; 
and  such  it  proves  to  be  under  the  influence  of  electrolysis,  sodium 
being  liberated  at  the  platinode,  whilst  sulphion  appears  at  the 
zincode.  Sodium,  however,  cannot  exist  in  the  presence  of  water ; 
the  metal  immediately  takes  oxygen,  and  becomes  converted  into 


*  This  observation  is  strictly  true,  as  I  have  found  by  numerous  careful 
repetitions  of  these  experiments,  althouf^h,  as  Maj^ius  {Pogg,  Annal,  cii.  i) 
has  pointed  out,  when  tne  Quantity  of  acid  and  alkali  becomes  considerable  in 
the  ttro  cells,  the  liberated  acid  and  alkali  each  transmit  a  portion  of  the 
current  as  well  as  the  sulphate  of  sodium,  so  that  if  the  experiment  be  undul v 
prolonged,  the  proportion  of  the  acid  and  base  set  free  is  less  than  that  which 
theory  requires. 
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soda ;  Nag  4-  HgO  yielding  Na^O  f  H^ :  the  alkali  is  dissolved  in 
the  liquid^  \rhilst  the  hydrogen  escapes  as  gas.  Sulphion  is  equally 
unable  to  exist  in  the  separate  form ;  it  combines  with  hydrogen, 
H3O-I-SO4  becoming  O  +  H^SO^,  while  oxygen  escapes,  and  sul- 
phuric acid  is  formed:  and  as  both  sodium  and  sulphion  are 
liberated  in  equivalent  proportions,  the  quantity  of  water  decom- 
posed is  also  equivalent  to  the  quantity  of  salt  electrolysed. 

On  the  foregoing  view,  therefore,  the  evolution  of  oxygen  and 
hydrogen  during  the  decomposition  of  saline  solutions  is  a  secondary 
action.     If  a  solution  of  a  salt  of  a  metal  which,  like  copper  or  lead, 
docs  not  decompose  water  at  ordinary  temperatures,  be  substituted 
for  one  of  sulphate  of  sodium  as  the  electrolyte,  no  hydrogen  should 
be  evolved,  but  the  metal  itself  should  appear  upon  the  platinode ; 
whilst  if  the  other  constituent  of  the  salt  be  one  which,  like  chlorine, 
is  unable  to  take  hydrogen  from  water  at  common  temperatures, 
no  oxygen   should  be  emitted.     Accordingly,  upon  making  the 
experiment  with  a  solution  of  chloride  of  copper  or  of  chloride  of 
lead,  the  salt  is  resolved  into  metallic  copper  or  metallic  lead,  and 
chlorine  gas,  but  no  oxygen  or  hydrogen,  is  liberated.  These  obser- 
vations will  explain  the  reason  that  although  water,  when  pure,  is 
scarcely  decomposed  by  the  current  jfrom  100  cells  or  upwards, 
yet  it  appears  instantly  to  become  a  good  electrolyte  on  the  addi- 
tion of  a  few  drops  of  acid,  or  of  solution  of  a  salt  of  an  earth  or 
an  alkali ;  for  upon  the  addition  of  the  salt  it  is  this  body  which 
is  decomposed,  and  the  water  is  then  resolved  into  oxygen  and 
hydrogen  by  a  secondary  action  in  the  manner  already  explained. 
Sulphuric  acid  in  solution  is  in  like  manner  resolved  into  hydrogen 
and  sulphion,  H^^SO^.    In  neither  case  is  the  water  directly  electro- 
lysed.    This  observation  also  explains  a  circumstance  which  much 
perplexed  the  earlier  experimenters  upon  the  chemical  action  of  the 
voltaic  pile.     In  all  experiments  in  which  water  was  decomposed, 
both  acid  and  alkaU  were  invariably  found  to  be  liberated  at  the 
electrodes,  although  distilled  water  was  employed ;  and  hence  it  was 
believed  for  some  time  that  the  voltaic  current  had  some  mys- 
terious power  of  generating  acid  and  alkaline  matter.     The  true 
source  of  these  compouig^h^  however,  was  traced  by  Davy  {Phil. 
Trans.,  1807),  who  ahoved  that  they  proceeded  jfrom  impurities 
contained  either  in  the  water  employed,  or  in  the  vessels  made 
use  of,  or  in  the  atmosphere  itself.     Having  proved  that  ordinary 
distilled  water  always  contains  traces  of  saline  matter,  he  redis- 
tilled it  at  a  temperature  below  the  boiling-point,  in  order  to  avoid 
all  risk  of  carrying  over  salts  by  splashing :  he  found  that  when  he 
used  marble  cups  to  contain  the  water  for  decomposition,  the  acid 
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was  the  hydrochloric  and  the  alkali  was  soda^  both  derived  from 
chloride  of  sodium  present  in  the  marble  itself;  when  agate  cups 
were  used  to  contain  the  water,  he  obtained  silica ;  and  when  he 
used  gold  vessels,  he  procured  nitric  acid  and  ammonia,  which  he 
traced  to  atmospheric  air;  by  operating  in  vacuo,  the  quantity  of 
acid  and  alkali  was  reduced  to  a  minimum,  but  the  decomposition 
then  was  almost  arrested,  although  he  operated  with  a  battery  of 
50  pairs  of  4-inch  plates.  Hence  it  is  manifest  that  water  itself 
is  not  an  electrolyte,  but  it  is  enabled  to  convey  the  current  if  it 
contain  only  faint  traces  of  saline  matter. 

The  following  t&ble  will  illustrate  the  manner  in  which  saline 
bodies  may  be  classified  in  relation  to  their  mode  of  electric  de- 
composition j  the  anion  indicating  the  electro-negative,  the  cathion 
the  electro-positive  component. 
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When  monobasic  salts  are  the  subjects  of  electrolysis,  the  pro- 
portion of  acid  and  of  base  liberated  is  in  single  equivalents :  thus, 
nitrate  of  potassium  yields  1  equivalent  of  potash  and  i  of  nitric 
acid  for  each  equivalent  of  frised  chloride  of  silver  which  is  decom- 
posed in  the  voltameter. 

When  a  polybasic  salt  is  submitted  to  electrolysis,  for  each 
atom  of  fused  chloride  of  lead  [PbCl^  which  is  electrolysed  in  the 
voltameter,  2  atoms  of  base  appear  at  the  platinode :  for  example, 
when  2  atoms  of  the  tribasic  phosphate  of  sodium  are  decomposed, 
3  atoms  of  chloride  of  lead  are  reduced  in  the  voltameter ;  and  in 
the  diaphragm  cell  2  (Na3,P0J  yield  3  ^difi^-^  H^  at  the  plati- 
node, whilst  2  (H3POJ  -1-3  O  are  liberated  at  the  zincode.  When 
the  pyrophosphate  of  sodium  (Na^P^O^)  is  electrolysed,  2  atoms 
of  chloride  of  lead  are  decomposed  in  the  voltameter,  whilst 
2  NajO+2  Hj,  make  their  appearance  at  the  platinode  of  the  dia- 
phragm cell,  and  H^PjOy+  0,  are  set  free  at  the  zincode.    When 
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2  atoms  of  metaphosphate  of  sodium  2  (Na^PO^  are  docompid, 

1  atom  of  chloride  of  lead  is  electrolysed  in  the  voltameter,  vUb 
Na^O  +  Hg  appears  at  the  platinode  of  the  diaphragm  cell,  ui 

2  HPO3  +  0  is  liberated  at  the  zincode.  In  each  case  the phospte 
acid  thus  transferred  preserves  its  tribasic^  dibasic,  or  mouolwk 
character,  according  to  the  nature  of  the  salt  which  was  electrolpi 

The  results  of  the  electrolysis  of  the  monobasic  and  polybitt 
oxysalts,  it  will  thus  be  seen,  admit  of  a  simple  explanation  upn 
the  binary  theory.     The  results  of  the  decomposition  of  the  base 
salts  are  not,  however,  so  easily  reconciled  with  this  view.    Ae. 
cording  to  E.  Becquerel,  when  basic  salts  are  decomposed,— fcr 
each  atom  of  chloride  of  lead  in  the  voltameter,  2  atoms  of  a  moDO- 
basic  acid  are  liberated  at  the  zincode,  whilst  all  the  atoms  of  base 
which  were  previously  in  combination  with  the  acid  are  liberate 
at  the  platinode.     My  own  experiments  upon  this  point  confinn 
this  view,  although  fix)m  a  numerous  series  of  trials  on  the  bask 
nitrites,  basic  nitrate,  and  basic  acetates  of  lead,  I  always  obtained 
a  smaller  quantity  of  oxide  of  lead  and  of  metallic  lead  than  nu 
required  by  theory,  if  this  law  held  good ;  probably  this  deficiency 
was  due  to  the  secondary  action  of  the  solution  upon  the  liberated 
oxide.     When,  for  example,  the  tribasic  acetate  of  lead  {Pb  2  PbO, 
2  CoHgO^)  was  decomposed,  employing  as  the  electrodes  plates  of 
lead  instead  of  plates  of  platinum,  for  every  a  atoms  of  acetic  acid 
radicle  which  appeared  at  the  zincode,  somewhat  less  than  i  atom 
of  metallic  lead  and  a  atoms  of  oxide  of  lead  appeared  at  the  pla- 
tinode :  so  that  the  salt  appeared  to  have  undwgone  decomposition 
into  Pb-\-2PbO  and  2  CgHgO^.     It  is  difficult  to  reconcile  the 
idea  of  an  ion  consisting  of  Pb  +  2PbO*  with  the  binary  theory. 
The  most  probable  explanation  appears  to  be  this :  viz.,  that  the 
oxide  of  lead  is  attached  to  the  normal  acetate  in  a  manner  ana- 
logous to  water  of  crystallization,  and  that  the  normal  acetate  i« 
the  true  electrolyte,  whilst  the  oxide  is  left  upon  the  electrode  in 
the  insoluble  form  as  soon  as  the  acid  which  kept  it  in  solution  is 
removed.     A  similar  explanation  may  be  applied  to  the  case  of 
other  soluble  basic  salts. 

Faraday^s  principle,  ^  that  if  the  same  pair  of  elements  unite 
with  each  other  to  form  more  than  one  compound,  it  is  only  the 


*  E.  Becquerel  considered  that  he  had  obtained  a  new  suboxide  of  lead  by 
the  electrolysis  of  its  basic  salts,  but  this  appears  to  be  an  error.  It  is  a  mere 
mixture  of  metallic  lead  with  oxide  of  lead,  for  the  solution  of  neutral  acetate 
of  lead  quickly  dissolves  the  oxide  and  leaves  the  metallic  lead;  and  the  pro- 
portion of  oxide  to  the  metallic  lead  varies  according  to  the  nature  of  the  salt 
operated  upon. 
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compound  which  contains  one  atom  of  each  element  that  admits 
of  electrolysis/  although  generally  true,  cannot,  however,  be  laid 
down  as  a  law  of  electric  decomposition.  It  occasionally  happens 
that  two  diflFerent  electrolytes  containing  the  same  elements  exist. 
Both  cupric  chloride  (CwClj)  and  cupreous  chloride  {CuCVj,  for 
example,  are  electrolytes.  When  a  current  of  given  strength  is 
transmitted  successively  through,  i,  a  solution  of  sulphate  of 
copper ;  2,  a  solution  of  cupric  chloride ;  and  3,  fiised  cupreous 
chloride, — decomposition  takes  place  simultaneously  in  each  :  but 
for  each  atom  of  sulphate  of  copper  resolved  into  Cu  and  SO^ 
one  of  cupric  chloride  is  decomposed  into  Cu  and  Cl^,  and  two  of 
cupreous  chloride  into  2  Cu  and  Cl^;  so  that  for  each  atom  of 
copper  separated  at  the  platinode  from  the  solution  of  the  sulphate 
and  from  the  cupric  or  ordinary  chloride,  2  atoms  of  copper  are 
liberated  from  the  cupreous  chloride. 

If  sulphate  of  copper  be  used  as  the  measure  of  the  voltaic  action. 
Buff  [Liebig^s  AnnaL,  ex.  257)  considers  when  fiised  molybdic  anhy- 
dride is  electrolysed,  that  for  each  atom  of  sulphate  of  copper  resolved 
into  Cu  and  SO^  i  atom  of  molybdic  anhydride  [MoO^  furnishes 

1  atom  of  oxygen  and  i  of  MoO^  and  in  like  manner  i  atom  of 
fused  vanadic  anhydride  (FOg)  furnishes  i  of  oxygen  and  i  of 
FOg.  Fused  bichromate  of  potassium  (K^Cr^O^,  or  K^CrO^CrO^) 
is  also  an  electrolyte,  and  it  is  decomposed  partially  into  Kg  and 
CrO^,  and  partially  into  Cr^O^  and  O3. 

The  same  current  which  liberates  3  atoms  of  metallic  copper 
from  3  of  sulphate  of  copper,  will  successively  resolve  one  atom  of 
chloride  of  aluminum  (Al^Cl^)  into  Al^^  and  Cl^  6  of  cupreous 
chloride,  6  (CwCl),  into  Cu^  and  Cl^  and  2  of  chromic  anhydride, 

2  {CrO^),  into  Cr^O^  and  O3. 

When  more  than  one  salt  is  present  in  a  solution,  the  current, 
when  below  a  certain  strength,  decomposes  only  one  of  them,  the 
best  conductor  being  decomposed  when  the  current  is  feeble ;  but 
when  the  intensity  of  the  current  passes  a  certain  limit,  a  portion 
of  the  inferior  conductor  experiences  decomposition.  This  limit 
to  the  intensity  of  the  current,  according  to  Magnus  {Pogg.  Ann,, 
cii.  loc.  cit.),  varies  with  the  size  of  the  electrodes,  and  with  the 
distance  between  them,  as  well  as  with  the  proportion  in  which 
the  different  electrolytes  are  mixed.* 


*  The  results  obtained  by  Magnus  upon  the  decomposition  of  iodic  acid, 
perchlori Je  of  tin,  and  some  other  bodies,  appear  to  be  only  secondary  actions, 
not  produced  by  the  direct  electrolvsis  of  tnese  compounds,  and  consequently 
they  do  not  admit  of  being  applied[  to  the  general  theory.  This,  indeed,  has 
already  been  pointed  out  by  nuff. 
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(287)  Unequal  TVansfer  of  Ions  during  Electrolysis. — A  cnikn 
circumstance  in  relation  to  the  proportion  in  which  the  ions  of 
•the  electrolyte  travel  towards  the  respective  electrodes,  was  re- 
marked in  the  course  of  these  investigations  on  the  decompositioiL 
of  saline  solutions.  It  was  perhaps  natural  to  expect  that,  if  1 
solution  underwent  electrolytic  decomposition,  for  each  equivalent 
of  the  compound  decomposed,  its  component  ions  should  be 
transferred  to  each  electrode  in  the  exact  proportion  of  half  an 
equivalent  of  each,  although  a  whole  equivalent  was  liberated  in 
the  manner  shown  at  No.  2  in  the  scheme  which  follows : — 


(1) 
(^) 
(3) 


Cu  Cu 


Cu  Cu 
SO^SO^ 


— Cu  I  Cu     C 


SO^    S 


u     Cu  + 


— &r|        Cu" 


Cu  Cu 
SO^SOjSO^+ 


In  this  scheme  it  is  supposed  that  sulphate  of  copper  is  the  elec- 
trolyte, each  particle  of  copper  represented  by  the  symbol  Cu  being 
in  combination  with  the  particle  of  sulphion  represented  by  SO^  im- 
mediately beneath  it.    Let  a  a  indicate  the  iK)sition  of  a  diaphragm 
of  bladder  separating  two  equal  quantities  of  the  solution  which  in 
No.  I  are  supposed  to  be  in  their  normal  state.     Let  No.  2  repre- 
sent the  same  solution  after  it  has  undergone  electrolysis ;  an  equi- 
valent of  copper  having  been  set  free  at  the  platinode,  and  one  of 
sulphion  at  the  zincode.      It  was  not  unnatural  to  expect  that  this 
result  would  have  been  attained  by  the  transfer  of  half  an  equivalent 
of  copper  into  the  division  containing  the  platinode,  whilst  half 
an  equivalent  of  sulphion  passed  towards  the  zincode  in  the  man- 
ner represented.     Experiment,  however,  shows  that  such  a  sup- 
position is  erroneous,  and  that  the  decomposition  more  commonly 
happens  in  the  mode  represented  in  No.  3,  in  which  case  a  whole 
equivalent  of  the  anion  is  transferred  to  the  zincode,  leaving  a 
whole  equivalent  of  cathion  uncombined,  at  the  platinode.    Some- 
times when  the  oxide  of  a  metal  is  soluble  in  water,  the  transfer 
of  a  small  quantity  of  the  cathion  takes  place  towards  the  plati- 
node, but  the  quantity  of  the  cathion  and  the  anion  set  free  are 
always  in  equivalent  proportions  to  each  other  (Daniell  and  Miller, 
Phil.  Trans,,  1844,  p.   16).     Acids,  whether  they  be  soluble  in 
water  or  not,  always  travel  towards  the  zincode  in  proportions 
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larger  than  the  metals  which  are  united  with  them  pass  towards 
the  platinode. 

D'Almeida  {Ann,  de  Chimie,  III.  li.  257)  attributes  these  re- 
markable irregularities,  which  occasion  much  inconvenience  in 
electro-plating,  to  the  development  of  free  acid  around  the  zincode. 
He  considers  that  the  acid,  owing  to  its  superior  conducting  power, 
conveys  a  large  proportion  of  the  current,  and  that  the  metal  is 
then  reduced  upon  the  platinode  by  the  hydrogen,  at  the  moment 
of  its  liberation.  He  finds  that  when  the  solutions  are  strictly 
neutral  the  inequality  of  transfer  is  scarcely  perceived.  Strictly 
neutral  solutions  of  copper  and  zinc,  when  decomposed  between 
electrodes  of  copper  or  zinc  respectively,  become  acid  during  the 
operation,  because  the  metal  at  the  zincode  is  not  dissolved  quite  so 
rapidly  as  it  is  separated  at  the  platinode,  and  consequently  a  little 
free  acid  accumulates  around  the  zincode,  and  occasions  the 
irregularity  in  transfer  of  the  ions  which  we  are  now  considering. 
When  a  current  traverses  a  saline  solution  kept  constantly  acid 
in  the  zincode  cell,  whilst  the  platinode  is  maintained  constantly 
neutral,  the  salt  is  transferred  unequally,  the  zincode  becoming 
least  impoverished ;  but  if  the  solution  be  kept  neutral  around  the 
zincode  whilst  it  is  maintained  alkaline  around  the  platinode,  the 
result  is  reversed,  and  the  impoverishment  of  the  platinode  is  the 
least  marked. 

This  explanation  of  D'Almeida  is  confirmed  by  the  subsequent 
researches  of  Magnus.  Hittorf  [Pogg.  AnnaL,  Ixxxix.  177,  and 
xcviii.  1)  gives  a  different,  and,  as  it  appears  to  me,  an  improbable 
and  complicated  theory  for  the  explanation  of  these  results ;  but  his 
experiments  appear  to  be  consistent  with  those  already  quoted. 

(288)  Electrovection,  or  Electrical  Endosmose. — It  was  observed 
many  years  ago  by  Porrett,  when  water  was  placed  in  a  diaphragm 
apparatus,  one  side  of  which  was  connected  with  the  positive,  and 
the  other  side  with  the  negative  electrode  of  the  battery,  that  a 
considerable  portion  of  the  liquid  was  transferred  fit)m  the  positive 
towards  the  negative  side  of  the  arrangement.  It  has  since  been 
found  that  the  same  result  occurs  in  a  minor  degree  when  saline 
solutions  are  electrolysed,  and,  generally,  the  greater  the  resistance 
which  the  liquid  offers  to  electrolysis  the  greater  is  the  amount 
which  is  thus  mechanically  carried  over.  From  numerous  experi- 
ments I  have  found  that  in  all  these  cases  the  water  carries  with 
it  a  proportion  of  the  salt  which  it  holds  in  solution.  It  appears 
from  the  researches  of  Wiedemann  {Pogg.  AnnaL,  Ixxxvii.  321), 
which  have  been  confirmed  by  those  of  Quincke,  that  the  amount 
of  liquid  transfeired^  caterisjparibus,  is  proportioned  to  the  strength 
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or  intensity  of  the  current ;  that  it  is  independent  of  the  flui* 
ness  of  the  diaphragm  by  i^hich  the  two  portions  of  liquid  si 
separated ;  and  that  when  different  solutions  are  employed,  it 
amount  transferred  in  each  casc^  by  currents  of  eqnal  intensitj,! 
directly  proportional  to  the  specific  resistance  of  the  liquid. 

This  transfer  has  been  minutely  studied    by  Quincke,  ik 
seems  to  have  explained  the  steps  which  attend  its  production  :- 

K  a  capillary  tube^  bent  into  the  form  of  the  letter  U,  filki 
with  an  imperfect  conductor,  such  as  alcohol  or  distilled  water,  k 
connected  by  platinum  wires  with  the  inner  and  outer  coatings  d 
a  charged  Ley  den  jar,  the  level  of  the  liquid  is  raised  in  tk 
negative  limb,  and  depressed  in  the  positive  limb.  The  quantitj 
of  liquid  which  is  thus  carried  over  is  proportioned  to  the  electro- 
motive power  of  the  arrangement,  and  is  independent  of  the  lengA 
of  the  tube :  he  has  also  found  that  the  quantity  of  liquid  carried 
over  for  equal  charges  is  inversely  as  the  square  of  the  diameter 
of  the  tube.  In  a  tube  of  one  millimetre  diameter  with  a  sin^ 
cell  of  Grove's  battery,  distilled  water  rises  o*oooo6i"^  in  the 
negative  tube. 

K  oil  of  turpentine  or  bisulphide  of  carbon  be  substituted  for 
water,  and  the  two  platinum  wires  be  connected  with  the  positive 
and  negative  conductors  of  the  electrical  machine,  the  movements 
arc  reversed,  the  fluid  rising  in  the  positive  bend.  The  motion  of 
oil  of  turpentine  may,  however,  be  reversed  if  the  tube  be  lined 
with  sulphur.  If  a  diaphragm  apparatus  with  a  porous  day 
septum  be  used,  the  essence  of  turpentine  is  transferred  towards 
the  positive  electrode,  but  if  a  diaphragm  of  flowers  of  sulphur, 
compressed  between  two  pieces  of  silk,  be  used,  the  transfer  is 
towards  the  negative  electrode.  It  is  obvious  that  this  transfer  is 
connected  with  the  particular  electrical  condition  assumed  by  the 
containing  vessel  or  diaphragm,  in  relation  to  the  liquid  which  is 
set  in  motion. 

It  has  been  observed  by  Jiirgensen,  that  light  particles  of  various 
solids  in  suspension  in  water  are  transferred  in  the  direction  opposite 
to  that  in  which  the  water  is  carried  under  the  influence  of  the 
current ;  and  these  motions  are  diminished  by  the  addition  of  any 
salt  or  other  substance  which  increases  the  conducting  power  of 
the  liquid. 

Into  a  straight  piece  of  capillary  tube  0*4™™-  in  diameter, 
let  distilled  water  containing  a  few  granules  of  starch  in  suspension 
be  placed,  and  let  the  liquid  be  connected  with  the  positive  and 
negative  conductors  of  the  machine,  by  means  of  platinum  wires 
sealed  into  the  tube.     It  will  then  be  seen  that  the  granules  in 
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the  centre  of  the  tube  pass  towards  the  negative  electrode,  whilst 
along  the  sides  of  the  tube  is  a  return  current  towards  the  other 
electrode.  By  increasing  the  rapidity  of  the  rotation  of  the  machine, 
the  central  current  becomes  increased  in  rapidity,  whilst  that  on 
the  surface  becomes  slower,  and  at  length  the  movement  of  the 
suspended  particles  is  reversed,  so  that  all  move  towards  the 
negative  electrode.  The  wider  the  tube,  the  more  difficult  it  is 
to  produce  this  reversal  of  the  current  of  the  particles  at  the 
surface.  Solid  particles  of  the  most  varied  description  exhibit 
these  phenomena,  and  always  in  the  same  order  when  water  is 
employed.  Thus,  whether  finely-divided  gold,  platinum,  copper, 
iron,  graphite,  quartz,  felspar,  oxide  of  manganese,  asbestos, 
emery,  baked  clay,  sulphur,  lac,  silk,  cotton,  lycopodium,  carmine, 
quill,  paper,  ivory,  air-bubbles,  small  drops  of  oil  of  turpentine  (Mr 
of  bisulphide  of  carbon,  be  used,  the  phenomena  are  in  each  case 
similar. 

If  oil  of  turpentine  be  substituted  for  water,  the  same  bodies 
all  move,  but  the  motions  are  now  towards  the  positive  electrode, 
with  the  single  exception  of  sulphur. 

Quincke  seems  to  have  found  the  key  to  these  remarkable 
phenomena.  By  employing  granules  of  lycopodium,  which  are 
sufficiently  uniform  in  size,  and  very  nearly  of  the  same  density  as 
water,  he  ascertained  by  watching  their  motion  under  the  microscope, 
that  the  velocity  of  a  particle  near  the  axis  of  the  tube  is  propor- 
tional to  the  intensity  of  the  current.  The  following  is  his  ex- 
planation : — 

The  water  near  the  sides  of  the  tube  is  transferred  towards 
the  negative  electrode,  while  all  the  suspended  particles  are 
impelled  towards  the  positive  electrode.  These  two  motions  are 
effected  with  a  speed  proportioned  to  the  intensity  of  the  current ; 
but  the  water  retiims  along  the  axis  of  the  tube,  as  there  is  no 
other  course  open  to  it,  and  assists  the  motions  of  the  suspended 
particles.  The  water  on  the  sides  of  the  tube,  on  the  contrary, 
carries  the  particles  in  a  direction  opposite  to  that  in  which  they 
are  tending.  When  the  intensity  of  the  electricity  increases,  the 
rapidity  with  which  the  particles  move  increases  more  rapidly 
than  the  motion  of  the  liquid,  because  of  the  increasing  influence 
of  the  friction  of  the  sides  upon  the  moving  water ;  so  that  at 
length  a  point  is  reached  in  which  the  solid  particles  move  faster 
than  the  opposing  current  of  the  water. 

In  these  phenomena  water  acts  partly  as  a  conductor,  partly 
as  an  insulator.  As  a  conductor  traversed  by  a  current,  the 
cylinder  of  water  on  its  surface  acquires  a  quantity  of  free  dee- 
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tricity,  the  density  of  which  varies  from  one  section  to  anofter; 
but  inasmuch  as  the  conducting  power  of  water  is  imperfect,  time 
is  required  for  the  communication  of  the  electricity  of  one  partiA 
to  the  adjacent  particles.  Now  a  particle  of  water  near  the  sidefll 
the  tube  becomes  positively  electric  by  contact  with  the  glass,  aid 
its  positive  electricity  tends  to  move  in  the  same  direction  as  the  poa- 
tive  electricity  of  the  current ;  but  since  the  particle  of  water  cannot 
instantaneously  part  with  its  electricity,  it  is  carried  forward  ii 
the  direction  of  the  positive  current :  and  these  motions  can  onh 
occur  in  imperfect  conductors,  which  retain  their  chai^  fori 
sensible  time.  K  a  foreign  substance,  such  as  a  grain  of  staidi, 
be  suspended  in  the  water,  it  becomes  negatively  electric  by  simple 
contact  with  the  water,  and  independently  of  the  current  from 
the  machine, — water  having  been  shown,  by  Faraday  and  othcnj 
to  become  positively  electrified  by  friction  with  every  substance 
hitherto  tried ;  and  the  electricity  evolved  by  contact  follows 
the  same  law  as  that  produced  by  friction.  If  a  conducting 
liquid  be  added  to  the  water,  these  conditions  of  the  development 
of  electricity  by  contact  are  altered,  and  the  motion  of  the 
particles  is  arrested. 

Oil  of  turpentine,  on  the  contrary,  becomes  n^ative  by  fric- 
tion and  by  contact  with  all  substances  hitherto  tried,  except 
sulphur,  and  consequently  the  direction  of  the  movements  is 
reversed.  (Quincke,  Ann.  de  Chimie,  III.  Ixiii.  479.) 

(289)  Secondary  Results  of  Electrolysis. — The  explanation 
already  given  of  the  mode  in  which  the  oxysalts  are  electrolysed 
was  happily  applied  by  Daniell  to  the  elucidation  of  the  origin 
of  the  voltaic  power,  in  a  combination  contrived  by  Becquerd 
(262),  which  presents  many  interesting  peculiarities.  If  a  porous 
tube  filled  with  nitric  acid  be  plunged  into  a  vessel  containing  a 
solution  of  potash,  and  the  wires  of  a  galvanometer,  armed  with 
platinum  plates,  be  plunged  one  into  the  nitric  acid,  and  the  other 
into  the  alkaline  solution,  a  current  will  circulate ;  oxygen  will  be 
emitted  from  the  plate  immersed  in  the  potash,  and  nitrous  acid, 
owing  to  the  absorption  of  hydrogen  by  the  nitric  acid,  will  be 
formed  around  the  other  plate,  whilst  nitrate  of  potassium  is 
slowly  produced  by  transudation  of  the  two  liquids  through  the 
pores  of  the  diaphragm.  By  connecting  several  of  these  cells 
together  in  succession,  upon  the  principle  of  the  ordinary  battery, 
the  power  may  be  considerably  augmented.  The  decomposition 
which  appears  to  occur  is  represented  by  the  following  symbols, 
in  which  H,N03  indicates  the  nitric  acid,  and  K,HO  the  hydrate 
of  potash :  the  position  of  the  brackets  above  the  symbols  indi- 
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cates  the  arrangement  before  the  current  is  established^  whilst, 
after  its  passage,  the  arrangement  is  supposed  to  be  that  indicated 
by  the  brackets  beneath  : — 

H^NOg  H^NOj  I  K,HO  K,RO. 

It  is  particularly  to  be  observed  that  no  development  of  oxygen 
or  of  hydrogen  occurs  upon  the  platinum  plates  until  the  two 
plates  are  united  by  a  conducting  wire,  and  it  ceases  as  soon  as 
the  conducting  communication  between  the  plates  is  interrupted : 
in  the  latter  case  the  polar  arrangement  of  the  particles  is  inter- 
fered with,  although  the  reaction  of  the  hydrate  of  potash  upon 
the  nitric  acid  continues.  The  secondary  action  of  the  nitric  acid 
on  the  hydrogen  which  is  set  free  is  necessary  to  the  develop- 
ment of  the  current.  If  sulphuric  acid  be  substituted  for  the 
nitric,  the  hydrogen  is  not  absorbed,  and  no  current  is  obtained, 
probably  because  it  is  neutralized  by  the  counter  current  which 
the  accumulation  of  the  hydrogen  upon  the  platinum  plate  tends 
to  produce  (264). 

The  secondary  actions  of  the  voltaic  current  are  often  of  great 
importance;  they  require  to  be  careftdly  distinguished  from  its 
primary  effects.  Secondary  results  are,  in  some  instances,  pro- 
duced by  the  action  of  the  liberated  components  of  the  electrolyte 
upon  the  materials  employed  as  electrodes  :  thus  if  a  slip  of  copper 
be  substituted  for  one  of  platinum,  as  the  zincode  of  the  battery, 
and  be  immersed  in  diluted  sulphuric  acid,  sulphate  of  copper 
will  be  formed  by  the  combination  of  the  copper  with  the  dis- 
engaged sulphion.  At  other  times,  the  secondary  results  are 
manifested  by  the  reaction  of  the  ion  upon  the  liquid  in  which 
the  electrolyte  is  dissolved,  as  when  the  potassium  or  sodium,  set 
free  at  the  platinode  in  an  aqueous  solution  of  its  salts,  liberates 
hydrogen  by  its  action  upon  the  water;  K4-HHO=H4-KHO. 
In  the  cases  just  cited,  the  chemical  attractions  of  the  disengaged 
ions  are  very  intense,  and  the  secondary  action  is  exactly  propor- 
tioned to  the  primary,  so  that  it  may  be  employed  as  a  measure  of 
the  current :  but  when  the  tendency  to  combination  is  more  feeble, 
the  proportion  of  these  secondary  actions  to  the  primary  one  is 
greatly  influenced  by  the  extent  of  surface  exposed  by  the  electrode 
to  the  liquid,  and  the  energy  of  the  current,  and  consequent 
quantity  of  the  ion  disengaged  at  once.  Generally,  the  slower 
the  action,  and  the  larger  the  surface  of  the  electrode,  the  more 
uniform  and  complete  is  the  secondary  action.  These  results  are 
well  exemplified  by  Bunsen's  researches  on  the  isolation   of  the 
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more  oxidizable  metals  by  the  voltaic  current.  If  a  thin  pktiiia 
"wire  be  used  as  the  platinode  in  a  solution  of  chloride  of  chromhm, 
to  convey  the  current  from  4  or  5  cells  of  the  nitric-acid  battoy, 
metallic  chromium  may  be  obtained  without  diflSculty;  but  if  i 
plate  of  platinum  be  employed^  oxide  of  chromium^  mixed  witki 
certain  amount  of  hydrogen^  is  liberated;  in  the  latter  casetk 
metal  has  time  to  decompose  the  water  before  fresh  partides  d 
chromium  are  deposited  upon  its  surface. 

In  consequence  of  these  secondary  actions,  the  same  elemot 
may  sometimes  appear  at  one  electrode,  sometimes  at  the  other, 
as  is  seen  in  the  case  of  nitrogen :  if,  for  instance,  a  solution  of 
sulphate  of  ammonium  be  submitted  to  electrolysis,  it  yiddi 
ammonia  and  hydrogen  at  the  platinode,  and  a  mixture  of  ni- 
trogen with  oxygen  is  set  free  at  the  zincode.  The  nitrogen  11 
this  case  is  liberated  as  a  secondary  residt  of  the  combination  of 
a  portion  of  the  oxygen  with  the  hydrogen  of  the  ammonia.  If 
nitrate  of  ammonium  be  substituted  for  the  sulphate,  nitrogen 
appears  among  the  gaseous  products  at  both  electrodes>  the  nitrie 
acid  being  deprived  of  its  oxygen  by  the  hydrogen  evolved  at  the 
platinode,  and  the  ammonia  of  its  hydrogen  by  the  oxygen  set 
free  at  the  zincode. 

If  a  solution  of  acetate  of  lead  be  employed  as  the  electrolyte, 
the  acetic  acid  undergoes  partial  decomposition  from  the  action  of 
the  oxygen  upon  it  at  the  moment  of  its  liberation  at  the  zincode^ 
but  at  the  same  time  a  portion  of  the  oxygen  also  enters  into  com- 
bination with  some  of  the  oxide  of  lead  contained  in  the  liquid, 
and,  as  Warington  proved,  a  deposit  of  peroxide  of  lead  is  pro- 
duced. Nobili,  who  first  observed  this  phenomenon,  found  that 
if  a  polished  steel  plate  be  emjjloyed  in  such  a  solution  as  the 
zincode  to  the  battery  (4  or  6  cells  of  Grove's  may  be  employed), 
the  deposit  assumes  the  form  of  a  thin  film,  which  exhibits  the 
iridescent  tints  of  Newton's  scale, — the  tints  varying  according 
to  the  thickness  of  the  film  produced.  Other  experimentalists 
have  modified  the  patterns  which  may  be  obtained  by  these  metal' 
lochromes,  which  have  been  applied  by  Becquerel  even  to  the 
imitation  of  the  tints  of  flowers ;  and  by  varying  the  strength  of 
the  battery  and  of  the  solutions  employed,  he  has  succeeded  in 
producing  some  eflfects  of  great  delicacy  and  beauty.  Salts  of 
manganese  or  of  bismuth  may  be  substituted  for  those  of  lead, 
with  similar  results. 

Many  of  these  secondary  actions  are  very  interesting :  Kolbe 
has  devoted  particular  attention  to  the  effects  of  oxygen  when 
liberated  during  electrolysis  {Proceed.  Chem.  Soc,  iii.  ^^85,  and 
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:Q.  /.  Chem,  Soc,  ii.  157).  Hydrochloric  acid,  especially  when 
previously  mixed  with  sulphuric  acid,  is  in  this  manner  partially 
converted  around  the  zincode  into  chloric  and  perchloric  acids ; 
and  in  an  acid  solution  of  chloride  of  potassium,  chlorate  and  per- 
chlorate  of  potassium  are  formed.  Cyanide  of  potassium  in  solu- 
tion, when  subjected  to  the  voltaic  current,  is  in  like  manner 
converted  into  the  cyanate.  A  concentrated  solution  of  chloride 
of  ammonium  evolves  hydrogen  at  the  platinode,  but  the  chlorine, 
instead  of  being  liberated  at  the  zincode,  acts  upon  the  chloride 
of  ammonium,  and  forms  oily  drops  of  chloride  of  nitrogen,  which 
explode  when  touched  by  the  opposite  electrode.  Smee  has 
shown  that  by  means  of  the  voltaic  current  the  ferrocyanide  may 
be  converted  into  the  ferricyanide  of  potassium.  Kolbe  has, 
further,  ascertained  the  effect  of  the  liberated  oxygen  upon 
iFarious  organic  compounds,  and  by  submitting  valerate  of  potas- 
aium  to  electrolysis  he  decomposed  the  valeric  acid  (HCgHj^Og) 
which  it  contains,  and  succeeded  in  obtaining  from  it  a  new  sub- 
stance, valyl  (C^Hg)j,  (or  more  properly  tetryl) ;  a  new  ether, 
(CgHjgO)  tetrylic  ether,  and  a  hydrocarbon  (C^H^),  apparently 
identical  with  oil-gas :  and  by  a  similar  process  from  acetic  acid 
(HC2H3OJ  he  obtained  methyl  (CHj)^,  the  homologue  of  tetryl. 
Particular  interest  is  attached  to  these  researches,  owing  to  the 
circumstance  that  in  each  case  the  compounds  obtained  by  the 
electrolysis  belong  to  a  series  related  to  an  alcohol  different  from 
that  which  was  submitted  to  decomposition.  The  valeric  acid 
thus  yields  an  ether  of  the  tetrylic  series ;  and  acetic  acid,  which 
is  a  derivative  of  wine-alcohol,  ftimishes  the  hydrocarbon  which 
belongs  to  the  wood-spirit  series. 

(290)  Nascent  State  of  Bodies, — It  is  obvious,  fix)m  the  power- 
ful efl'ect  which  oxygen  produces  at  the  moment  of  its  liberation 
from  compounds  during  electrolytic  decomposition,  that  such 
oxygen  must  be  in  a  condition  very  different  from  that  in  which 
it  exists  when  once  it  has  assumed  the  gaseous  foim.  Oxygen  is 
not  insoluble  in  water,  and  it  is  therefore  possible  to  bring  it  in 
small  quantities  at  a  time  into  chemical  contact  with  salts  or 
other  bodies  which  water  may  hold  in  solution.  Oxygen  gas 
may,  however,  be  transmitted  for  an  unlimited  time  through  a 
solution  of  chloride  of  potassium  without  effecting  the  conversion 
of  any  portion  of  the  chloride  into  chlorate,  or  into  perchlorate  of 
potassium ;  and  yet,  as  has  been  mentioned  in  the  foregoing  para- 
graph, this  change  is  easily  effected  by  oxygen  as  it  escapes  during 
the  electrolysis  of  an  acidulated  solution  of  the  chloride  of  potas- 
sium.    But  it  is  not  necessary  that  oxygen  should  be  liberated  by 
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the  agency  of  the  voltaic  battery  in  order  that  it  should  acquire 
this  increase  of  activity.  If  hydrated  protoxide  of  nickel,  or  prot- 
oxide of  cobalt^  be  suspended  in  a  solution  of  caustic  potash,  it  will 
undergo  no  change  when  subjected  to  a  current  of  oxygen  gas ;  but 
if  a  current  of  chlorine  be  substituted  for  the  oxygen,  the  whole  of 
the  metallic  oxide  will  be  converted  into  a  brown  sesquioxide  ;  this 
change  arises  from  the  action  of  the  chlorine  upon  the  potash, 
during  which  chloride  of  potassium  is  formed  whilst  oxygen  is 
set  free,  and  at  the  moment  of  its  liberation  attaches  itself  to 
the  oxide  of  nickel  or  of  cobalt;  2KR0-]-Cl^  +  2.  {Ni 0,11^0)  = 
aKCl-l-MgOjj,  3H2O.  Other  substances  besides  oxygen  exhibit 
this  peculiarity,  and  chemists  have  long  recognised  the  fact,  that 
bodies,  when  in  this  nascent  state — that  is  to  say,  when  in  the  act 
of  liberation  from  other  substances — display  more  energetic  attrac- 
tions than  they  show  when  once  obtained  in  the  isolated  form : — 
For  example,  cyanogen  and  chlorine  do  not  enter  directly  into 
combination;  but  if  cyanogen  at  the  instant  that  it  is  set  6*66 
from  another  compound,  be  presented  to  chlorine,  the  two  bodies 
combine ;  so  that  if  moist  cyanide  of  mercury  be  decomposed  by 
means  of  chlorine,  chloride  of  cyanogen  may  be  obtained :  the 
chlorine  removes  the  mercury  step  by  step,  and  the  cyanogen  at 
the  moment  of  its  liberation  enters  into  combination  with  another 
portion  of  chlorine.  In  a  similar  manner,  sulphur,  when  set 
free  from  an  alkaline  persulphide  in  the  midst  of  a  solution 
of  hydrochloric  acid,  combines  with  hydrogen,  and  forms  per- 
sulphide of  hydrogen,  K3S5  4-2HC1=H3S5  4-2KC1,  the  chlorine 
taking  the  potassium,  whilst  the  sulphur  and  the  hydrogen,  both 
in  the  nascent  state,  unite  to  form  a  new  compound,  although  their 
chemical  attraction  is  so  slight  that  this  compound  separates  spon- 
taneously into  sulphuretted  hydrogen  and  free  sulphur.  The  pro- 
cess of  double  decomposition  is  particularly  applicable  in  cases 
where  the  mutual  attraction  of  the  bodies  which  it  is  desired  to 
obtain  in  combination  is  comparatively  feeble.  It  is  not  impos- 
sible that  this  superior  chemical  activity  of  bodies  in  the  nascent 
state  may  arise  from  the  fact  that  their  particles  are  individually 
electrified  at  the  moment  of  their  separation  from  a  previous  state 
of  combination ;  and  that  in  this  condition  they  may  exert  upon 
the  particles  of  dissimilar  contiguous  matter,  a  force  of  induction 
which  may  be  the  agent  that  determines  their  chemical  combina- 
tion :  if  by  a  process  of  double  decomposition  the  particles  of  both 
compounds  were  oppositely  electrified,  combination  might  be  ex- 
pected to  be  proportionately  facilitated : — For  instance,  if  a  solu- 
tion of  sulphide  of  potassium  and  one  of  chloride  of  copper  be 
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mixed,  they  will  decompose  each  other,  the  sulphur  being  negative, 
will  tend  to  combine  with  the  positive  copper,  and  the  positive 
potassium  will  unite  with  the  negative  chlorine.  If  the  brackets 
in  No.  I  represent  the  mode  in  which  the  molecules  are  arranged 
on  the  instant  of  mixture  previous  to  decomposition,  those  in 
No.  2  will  illustrate  the  arrangement  of  the  molecules  after  mutual 
decomposition  has  been  effected  :•— 

+  —   +—  +—  +^ 

,  .K.SCuC[..  (K-  S  CuCQ  ,  . 

^^)  a>sK;^^^  [ci  cu  s  Kj  (^) 


(291)  Theory  of  the  Electrical  Origin  of  Chemical  Attraction. 
—It  has  already  been  remarked  (245,  257)  that  whenever  two  dis- 
similar substances,  electrically  insulated,  are  brought  into  contact, 
and  are  separated  from  each  other,  disturbance  of  their  electrical 
equilibrium  is  produced;  one  of  the  bodies  becoming  negatively  elec- 
trified whilst  the  other  indicates  a  corresponding  charge  of  positive 
electricity.  It  is  a  well  ascertained  fact,  that  certain  substances, 
by  friction,  acquire  one  kind  of  electricity  more  readily  than  the 
other;  thus,  for  example,  sulphur,  when  rubbed  upon  flannel  or 
fur,  becomes  negatively  electric,  whilst  glass,  on  the  other  hand, 
most  readily  assumes  the  positive  state.  What  has  been  proved 
to  occur  when  masses  of  matter  are  brought  into  contact  was  sup- 
posed  by  Davy  (Phil.  Trans.,  1807)  to  happen  also  when  the 
molecules  of  two  dissimilar  substances  are  brought  within  the 
sphere  of  mutual  activity ;  he  assumed  ^  that  chemical  and  elec- 
trical attractions  depend  upon  the  same  cause,  acting  in  one  case 
on  particles,  in  the  other  on  masses  of  matter'  [Phil.  Trans.,  1826, 
p.  389) ;  and  all  the  phenomena  of  chemical  attraction  have  been 
referred  to  the  exertion  of  mutual  electrical  attraction  between  the 
atoms  of  each  substance  in  the  compound.  When,  for  example, 
chlorine  and  potassium  are  united,  it  is  supposed  that  each  atom 
of  chlorine,  by  contact  with  an  atom  of  potassium,  becomes  nega- 
tively electrified,  whilst  the  potassium  becomes  positively  excited ; 
a  certain  portion  of  the  positive  electricity  from  the  chlorine  uniting 
with  a  corresponding  amount  of  negative  electricity  which  is  libe- 
rated from  the  potassium,  thus  producing  the  light  and  heat  which 
attends  the  combination  of  these  two  bodies  (Berzelius).  Sup- 
posing each  atom  of  both  kinds  of  matter  to  be  associated  with 
equal  quantities  of  both  electricities,  and  that  the  two  different  elec- 
tricities be  represented  by  the  signs  +  and  -,  we  may  represent 


•498  THEORY   OF  £LECTKICAL   0K16IN   OF 

the  potassium  and  cUorine  by  symbols;  (—  K  +)  indicating  an 
atom  of  potassium,  and  (—CI  +)  an  atom  of  chlorine.  As  soon 
as  the  two  bodies  are  brought  into  contact,  it  is  supposed  that 
the  chlorine  loses  a  certain  amount  of  positive  electricity,  whilst 
the  potassium  loses  an  equal  quantity  of  negative  electricity,  the 
change  being  symbolized  thus  ( +  KCl  — )  and  ( H — ).  When  the 
chloride  of  potassium  is  decomposed  electrolytically,  a  quantity  of 
positive  electricity  is  transferred  from  the  positive  wire  of  the  bat- 
tery to  the  chlorine,  and  compensates  for  that  which  it  has  lost; 
and  when  this  amount  of  electricity  has  been  restored,  the  chlorine 
no  longer  has  any  tendency  to  remain  in  combination  with  the 
potassium,  and  hence  it  is  set  free  upon  the  positive  plate,  whilst 
a  simultaneous  transfer  of  negative  electricity  to  the  potassiiun 
occurs  from  the  negative  plate,  and  the  alkaline  metal  is  therefore 
liberated  upon  the  negative  side  of  the  arrangement.  The  elec- 
tricity which  is  set  free  by  the  battery  is  supplied  by  the  action 
of  the  sulphion  upon  the  zinc,  in  the  cells  of  which  the  battery 
consists. 

The  remarkable  law  discovered  by  Faraday,  that  the  same 
current  of  electricity  when  transmitted  successively  through 
various  electrolytes,  decomposes  each  in  the  proportion  of  their 
respective  chemical  equivalents  (282,  4)  adds  greatly  to  the  pro- 
bability of  the  supposition  that  electrical  and  chemical  phenomena 
are  due  to  different  manifestations  of  the  same  agent.  So  strong 
was  Danicll^s  conviction  upon  this  point,  that  he  applied  the  term 
current  affinity  to  the  voltaic  current;  since  by  means  of  the  proper 
application  of  conductors,  or  channels  for  the  force,  the  chemical 
attraction  of  a  portion  of  zinc  and  sulphuric  acid  at  one  point  could 
be  transferred  to  a  distant  spot,  and  could  there  be  made  to  effect 
an  equivalent  amount  of  chemical  decomposition  upon  a  different 
compound.  The  chemical  equivalent  of  any  substance  upon  the 
electro-chemical  theory,  is  that  quantity  of  each  body  which  is  asso- 
ciated with  an  amount  of  electricity  equal  to  that  associated  with 
a  given  weight  of  some  substance,  such  as  hydrogen,  which  is 
selected  as  the  standard  of  comparison ;  the  proportion  of  electricity 
which  is  associated  with  a  given  weight  of  any  substance  being 
inversely  as  its  combining  proportion.  Assuming  the  specific  elec- 
tricity of  hydrogen  to  be  represented  by  the  arbitrary  number  1000, 
the  following  is  given  by  Daniell  {Introd.  to  Chem.  Phil.,  2nd  Ed. 
p.  687)  as  an  approximative  table  of  the  specific  electricity  (or 
quantity  of  electricity  associated  with  equal  weights)  of  a  few  of 
the  more  important  elements  and  compounds :— 


CHEMICAL  ATTIUCTION OBJECTIONS. 


499 


Cftthioni. 


•••     • t* 


Hydrogen  ,.. 
Potassium  ... 

Sodium 

Zino 

Copper... 

Ammonia 

Potash ... 

Soda 

Lime 


•••  !•• 


••*  ••• 


Eqniva. 

Specific 

lent. 

Electricity. 

I'O 

1000 

39'2 

25 

233 

43 

32\5 
3r6 

31 

31 

i7'o 

58 

47*2 

31 

31-3 

32 

28-5 

35 

Anions. 


Oxygen 

Chlorine 

Iodine 

Bromine 

Fluorine 

Cyanogen 
Sulphuric  Acid 
Nitric  Acid  ... 
Chloric  Acid... 


Equiva* 

Specific 

lent. 

Eleclricity. 

80 

'25 

35*5 

% 

1260 

783 

12 

187 

55 

260 

3» 

40*0 

^§ 

54-0 

75*5 

13 

Inpfcnions,  however,  as  is  the  electrical  theory  of  chemical 
attraction,  it  must  be  admitted  that  it  is  far  from  being  free  from 
objection  and  difficulty  when  it  is  attempted  to  apply  it  to  all 
cases  of  chemical  action.  It  has  been  already  stated  that  a  very 
large  number  of  bodies  exist  which  are  not  susceptible  of  elec- 
trolysis.* Indeed,  the  chief  classes  of  electrolytes  are :  i,  binary 
compounds  of  the  non-metallic  elements  with  the  metals,  such  as 
the  oxides,  chlorides,  iodides,  bromides,  and  fluorides ;  2,  compounds 
of  bodies  like  cyanogen  with  the  metals,  such  as  the  cyanides 
and  the  sulphocyanides ;  and  3,  compounds  of  the  metals  with  the 
radicles  of  the  oxyacids,  such  as  the  nitrates,  sulphates,  borates, 
carbonates,  acetates,  tartrates,  &c.  Now,  so  long  as  a  compound 
consists  of  two  elements  only,  if  it  be  decomposed  at  all,  there  is 
no  difficulty  in  anticipating  the  result  of  the  voltaic  action ; — the 
electro-negative  element  will  appear  at  the  zincode,  and  the  electro- 
positive element  at  the  platinode ;  yet  there  are  binary  compounds 
which  are  not  electrolysable,  such,  for  instance,  as  pure  water,  and 
chloride  of  sulphur.  If  their  particles  be  united  by  electric  oppo- 
sition, why  should  they  not  yield  to  the  current  ?  In  the  case  of 
more  complex  bodies,  such,  for  example,  as  nitrate  of  silver,  or 
borate  of  lead,  it  is  not  possible,  a  priori,  to  say  how  the  compound 
would  yield  under  the  electric  influence.  It  is  quite  clear  in  the 
case  of  a  salt,  that  the  power  which  holds  together  the  two  ions  of 
the  salt  in  the  form  of  two  iso-ekctric  groups  (or  groups  of  equal 
electric  energy),  must  be  of  a  diflferent  order  from  that  which 
holds  the  elements  of  its  component  ions  in  combination.  The 
tie  which  binds  together  nitrate  of  silver  as  Ag,N03,  must  be  of  an 
order  difierent  from  that  which  unites  the  elements  of  nitrion  (NOj) 


*  A  very  numerous  serieB  of  Grove's  battery,  amounting  to  900,  and  in 
some  instances  even  to  9^0  pairs,  produced  in  the  experiments  of  Lapochin 
and  Ticbanowitsch  no  effect  on  absolute  alcohol,  ether,  valeric  acid,  oil  of 
turpentine,  bisulphide  of  carbon,  and  fused  boracic  anhydride ;  fousel-oil  wa« 
scarcely  acted  on.  * 
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together.  Sulphate  of  sodium^  again^  as  an  electrolyte  is  separated 
into  Nag  and  SO^.  But  neither  nitrion  nor  sulphion  can  exist  in 
the  separate  form ;  how  can  they  become  associated  under  electric 
influence?  Again,  {SO^),  sulphuric  anhydride,  is  not  an  electro- 
lyte when  fused :  the  same  thing  may  be  said  of  fused  boracic  anhy- 
dride; and  examples  of  this  kind  might  be  multiplied  almost  withoat 
limit.  Why,  if  chemical  attraction  be  due  to  the  exertion  of  electric 
action,  should  certain  bodies  be  readily  decomposable  by  the  voltaic 
current,  and  why  should  others  of  less  complex  composition  resist 
it  entirely  ?  At  present,  no  hint  appears  to  have  been  given  which 
offers  any  clue  to  the  solution  of  these  questions. 

Practical  Applications  of  Electrolytic  Action. 

(292)  Electrotype,  Voltatype,  or  Galvano-Plastics. — Shortly 
after  Daniell  had  invented  his  constant  battery,  he  observed  that 
when  copper  was  deposited  upon  a  plate  of  platinum,  it  furnished  a 
coherent  sheet  in  which  the  lines  and  irregularities  on  the  surface 
of  the  platinum  were  faithfully  reproduced  upon  the  deposited 
copper;  but  he  made  no  practical  application  of  the  observation. 
In  the  year  1839,  Jacobi,  of  St.  Petersburg,  announced  that  he 
had  discovered  a  method  of  making  exact  copies  of  a  metallic  sur- 
face in  copper  by  means  of  the  voltaic  battery,  and  shortly  after- 
wards Messrs.  Spencer  and  Jordan,  who  had  each  independently 
arrived  at  a  similar  residt,  published  the  methods  which  they  had 
employed  for  the  attainment  of  this  object.  The  processes  thus 
disclosed  were  so  simple  and  easy  of  execution  that  they  were  im- 
mediately repeated  with  success;  and  in  the  following  year  Mr. 
Elkington  in  England,  and  M.  Ruolz  in  France,  began  to  apply 
the  voltaic  battery  on  an  extensive  scale  to  the  arts  of  plating  and 
gilding.  Since  this  period  the  voltaic  battery  has  been  most  ex- 
tensively employed  as  a  means  of  depositing  not  only  copper,  gold, 
and  silver  from  their  solutions,  but  zinc,  tin,  and  lead,  and  occa- 
sionally platinum  and  nickel :  many  other  metals  have  also,  for 
particular  purposes,  been  reduced  from  their  salts  by  its  means. 

For  the  deposition  of  metallic  copper,  a  solution  of  the  sulphate 
of  this  metal  is  employed,  but  the  mode  of  using  it  varies  with 
the  object  in  view.  Suppose  that  it  be  desired  to  obtain  a  copy  of 
an  engraved  copper  plate :  a  wire  or  slip  of  copper  having  been  sol- 
dered to  the  plate  for  the  purpose  of  facilitating  its  connexion  with 
the  battery,  the  back  of  the  plate  is  covered  with  a  resinous  varnish, 
by  which  means  this  surface  is  electrically  insulated  from  the 
solution,  and  it  is  thus  protected  from  any  deposit  of  reduced  metal. 
The  plate  thus  prepared  is  connected  with  the  negative  electrode  of 
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a  voltaic  battery,  consisting  of  3  or  4  of  Smee^s  or  Daniell^s  cells, 
and  immersed  vertically  in  a  bath  consisting  of  a  saturated  solution 
of  sulphate  of  copper.  A  sheet  of  copper,  equal  in  size  to  the  one 
to  be  copied,  is  suspended  parallel  to  the  latter  in  the  liquid,  and 
connected  with  the  positive  electrode  of  the  battery ;  an  immediate 
decomposition  of  the  solution  ensues ;  metallic  copper  is  deposited 
upon  the  entire  surface  of  the  negative  plate,  in  the  form  of 
a  coherent,  continuous  sheet,  and  a  nearly  corresponding  amount 
of  copper  is  dissolved  from  the  positive  plate,  so  that  the  liquid 
remains  constantly  charged  with  a  quantity  of  sulphate  of  copper, 
approximatively  equal  to  that  originally  employed.  At  the  com* 
mencement  of  the  operation,  care  must  be  taken  to  ascertain  that 
the  deposit  occurs  uniformly  over  the  whole  surface  of  the  nega- 
tive plate,  for  if  any  portion  of  it  be  soiled  by  grease  or  resinous 
matter,  the  copper  will  not  be  thrown  down  upon  those  parts : 
when  once  the  deposition  has  commenced  uniformly,  it  goes  on 
without  difficulty.  If  the  plates  be  suspended  vertically,  the 
solution  should  be  frequently  agitated,  for  unless  this  precau- 
tion be  taken,  the  liquid  around  the  negative  plate  becomes  im- 
poverished, whilst  that  around  the  positive  plate  becomes  unduly 
saturated  with  the  copper  salt  (287) ;  currents  are  then  produced 
in  the  liquid,  owing  to  its  unequal  density,  and  they  occasion  the 
formation  of  vertical  grooves  and  stri^  upon  the  back  of  the  sheet 
of  deposited  metal.  This  inconvenience  is  sometimes  obviated  by 
supporting  the  two  plates  in  the  bath  in  a  horizontal  position,  the 
negative  plate  being  undermost ;  the  positive  plate  must  in  this 
case  be  enveloped  in  flannel,  in  order  to  prevent  the  small  particles 
of  metal,  which  are  constantly  being  detached  from  it,  from  fiEdling 
upon  the  lower  plate,  and  interfering  with  the  regularity  of  the 
deposition. 

The  deposit  varies  in  hardness  and  coherence  according  to  the 
number  of  cells  employed  in  the  battery,  the  relative  size  of  the 
plates  of  the  battery  and  those  of  the  depositing  cell,  and  the 
temperature  and  degree  of  concentration  of  the  solution.  The 
more  slowly  the  action  takes  place,  if  the  solution  be  concentrated, 
the  harder  and  more  crystalline  is  the  deposit.  By  modifying  the 
power  of  the  battery,  and  the  strength  of  the  solution,  in  the 
manner  which  experience  soon  indicates,  copper  may  be  obtained 
of  any  desired  degree  of  toughness. 

When  the  deposit  has  acquired  the  necessary  thickness,  it  must 
be  detached  at  its  edges  from  the  original  plate,  and  can  then  be 
stripped  oS  without  difficulty.  The  thin  film  of  oxide,  or  of  other 
adhering  impurity,  derived  from  the  exposure  even  of  a  freshly 
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deposited  copper  plate  to  the  air  for  a  few  hours,  is  sufficient  to 
prevent  too  intimate  an  adhesion  between  the  plate  and  the  fc 
posit.  In  the  electrotype  thus  obtained,  the  lines  which  are  cat 
away  upon  the  surface  of  the  original  plate  are  represented  in 
relief  in  the  copy,  and  if  a  facsimile  of  the  engraving  be  desired, 
a  new  deposit  must  be  formed  upon  the  copy  thus  procured;  in 
this  second  transfer^  an  exact  duplicate  of  the  original  engraving 
will  be  presented.  Many  large  and  valuable  copper  plates,  amongst 
which  are  some  of  those  engraved  for  the  Art  Union,  have  been 
thus  multiplied  with  success.  So  faithfully  does  the  deposit  repro- 
duce all  irregularities  upon  the  surface  of  the  matrix  on  which  it 
is  deposited,  that  by  its  means  copies  of  daguerreotype  plates  ha?e 
been  obtained,  in  which  the  original  design  is  accurately  trans- 
ferred to  the  deposit  of  copper,  without  destroying  the  original 
impression. 

(293)  Preparation  of  Moulds  for-  Electrotyping. — In  copying 
medals  or  other  works  of  art,  it  is  frequently  necessary  to  employ 
casts  of  the  objects,  instead  of  the  original  objects  themselves,  which 
might  be  liable  to  injury  by  immersion  in  the  metallic  solution. 
These  casts  may  be  made  in  fusible  metal^  or  in  stearine,  in  plaster, 
or  gutta  pcrcha.  Gore  {Pharm.  Journal,  July,  1855)  recommends 
a  mixture  of  2,  parts  of  gutta  percha  and  1  part  of  marine  glue; 
the  materials  are  to  be  cut  up,  and  the  glue  melted  at  a  gentle 
heat  and  incorporated  with  the  gutta  percha.  The  paste  is  to  be 
applied  whilst  soft,  with  a  pressure  gradually  increasing,  to  the 
surface  of  the  medal,  or  other  object  which  it  is  desired  to  copy. 
In  certain  cases  an  impression  of  the  object  to  be  copied  is  ob- 
tained in  sheet  lead  by  the  application  of  strong  pressure.  In 
every  instance  before  proceeding  to  effect  the  metallic  deposition, 
the  back  of  the  mould,  if  made  of  metal,  or  of  a  conductor  of  elec- 
tricity, must  be  coated  with  a  resinous  varnish,  or  with  some  non- 
conducting matter.  When  moulds  of  plaster  of  Paris  are  employed, 
they  must  be  rendered  impervious  to  moisture  by  immersion  in 
melted  wax  or  tallow ;  after  which  the  surface  to  be  copied  is 
endued  with  the  power  of  conducting  electricity,  by  applying 
finely  powdered  black-lead,  of  good  quality,  to  the  surface  by  means 
of  a  brush ;  taking  care  that  every  portion  of  the  surface  to  be 
copied  is  completely  coated  by  it.  The  cast  is  then  connected 
with  the  negative  wire  of  the  battery  by  means  of  a  strip  of  sheet 
lead,  or  a  copper  wire,  which  is  in  electric  contact  with  some  portion 
of  the  black-lead  surface.  Impressions  of  seals  in  sealing  wax, 
stamps  in  relief  upon  pasteboard  or  paper,  and  the  engraved  blocks 
used  for  wood-cuts^  after  they  have  been  thus  rendered  conductors 
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upon  the  surface,  may  be  electrotyped  with  facility.  Even  glass  may 
be  rendered  a  conductor  by  the  use  of  one  of  the  methods  of  deposit- 
ing silver  upon  its  surface.  Leaves,  flowers,  fruits,  and  insects 
have  also  been  coated  with  copper,  or  with  silver,  by  the  electrotype 
process.  A  mode  of  producing  a  conducting  surface  upon  these 
articles,  due  to  Capt.  Ibbctson,  consists  in  immersing  them  in  a 
weak  solution  of  phosphorus,  either  in  bisulphide  of  carbon  or  in 
ether,  allowing  the  solvent  to  evaporate  from  the  surface,  and  then 
plunging  the  objects  into  a  solution  of  nitrate  of  silver ;  the  phos- 
phorus left  upon  the  surface  reduces  a  very  thin  film  of  silver  upon 
the  superficial  portions  of  the  objects,  sufficient  to  enable  them  to 
receive  the  deposit  from  the  battery,  if  they  be  properly  connected 
with  the  negative  wire,  and  submitted  in  a  metallic  bath  to  the 
action  of  the  electric  current.  Steel  plates  cannot  be  copied  by 
immersing  them  in  a  bath  of  sulphate  of  copper,  because  the  steel 
and  the  sulphate  act  chemically  on  each  other,  and  thus  the 
engraving  would  be  destroyed.  This  difficulty  has  been  overcome 
by  elcctrotyping  them  first  in  silver,  which  can  be  deposited  upon 
the  steel  without  injury,  and  upon  this  silver  matrix  a  copper  fac- 
simile of  the  original  plate  can  afterwards  be  obtained. 

For  the  elcctrotyping  of  small  objects,  such  as  coins  or  medals, 
it  is  not  necessary  to  use  a  separate  voltaic  battery,  since  the 
depositing  cell  itself  may,  in  the  following  manner,  be  converted 
into  a  voltaic  couple  of  sufficient  power  to  decompose  the  sulphate 
of  copper  :■:— Let  a  glass  cylinder,  such  as  the  chimney  of  an  argand 
gas-burner,  be  closed  below  by  a  plug  of  plaster  of  Paris,  and  be 
supported  in  a  vessel  containing  a  solution  of  sulphate  of  copper, 
in  which  the  mould  or  the  medal  to  be  copied  is  supported  by  a 
metallic  wire;  let  the  inner  tube  be  filled  with  sulphuric  acid 
diluted  with  lo  or  12  times  its  bulk  of  water,  and  let  an  amalga- 
mated zinc  rod  be  placed  in  its  axis.  If  this  zinc  rod  be  connected 
with  the  wire  proceeding  from  the  mould  of  the  medal  to  be  electro- 
typed,  copper  will  be  deposited  upon  the  surface  of  the  mould.  The 
apparatus  in  fact  constitutes  a  cell  of  Daniell^s  battery,  with  a 
trifling  modification  in  its  form.  The  solution  of  copper  shoidd 
be  maintained  uniformly  saturated  with  sulphate  of  copper,  by 
suspending  crystals  of  the  salt  in  the  upper  part  of  the  liquid. 

(294)  Electro-zincing, — Zinc  may  be  deposited  from  its  sulphate 
on  the  surface  of  iron,  by  processes  similar  to  those  used  for  sid- 
phate  of  copper.  The  operation  requires  but  a  feeble  current,  and 
admits  of  being  performed  upon  a  very  large  scale :  the  iron  links 
of  the  Hungerford  suspension  bridge,  which  were  passed  into  the 
abutments  on  the  side  of  the  river^  were  successfully  submitted  to 
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this  operation ;  each  of  these  links  is  24  fbet  in  lengthy  and  oi 
proportionate  width. 

It  is  not  possible^  however,  to  obtain  coherent  plates  of  all  the 
metals  with  the  same  facility  as  is  the  case  with  copper  and  zinc 
Many  of  the  metals  are  thrown  down  &om  their  solutions  in  a 
crystalline  form,  whether  the  deposition  be  effected  rapidly  or 
slowly.  Silver  is  separated  thus  from  its  nitrate,  and  lead  exhibits 
a  similar  deportment  when  the  acetate  or  the  nitrate  of  this  metal 
is  electrolysed.  Gold  and  platinum  do  not  give  coherent  plates 
when  solutions  of  the  chlorides  of  these  metals  are  submitted  to 
voltaic  decomposition.  Lead  may  be  deposited  upon  iron  from  a 
solution  of  oxide  of  lead  in  potash ;  and  a  solution  of  oxide  of  tin 
in  potash  may  be  used  to  obtain  coherent  plates  of  tin  by  dectro- 
lysis.  In  like  manner  ammoniacal  solutions  of  the  salts  of  cobalt 
and  nickel  may  be  employed  to  furnish  electrotype  plates  of  these 
metals.  In  some  cases,  however,  where  a  simple  salt  fails  to  give 
a  satisfactory  result,  the  effect  may  be  obtained  by  the  employment 
of  certain  double  salts  of  the  same  metal  with  potassium  or  with 
sodium :  thus  the  double  cyanide  of  gold  and  potassixmi  is  largely 
employed  for  gilding,  and  the  corresponding  salt  of  silver  is  ex- 
tensively used  in  electro-silvering.  In  gilding,  silvering,  and  zinc- 
ing, one  great  desideratum  is  to  obtain  a  firm  adherence  between 
the  newly  deposited  metal  and  the  object  to  be  gilt  or  plated ;  the 
surface  of  the  metallic  object  is  therefore  first  rendered  chemically 
clean,  a  result  which  is  carefiilly  avoided  in  the  process  of  electro- 
typing.  In  the  latter  case  it  is  \isual  to  expose  the  object,  if 
freshly  polished,  to  the  atmosphere  for  24  hours  before  placing  it 
in  the  depositing  cell,  in  order  to  prevent  permanent  adhesion. 

(295)  Electro-Plating, — The  metals  upon  which  an  adherent 
coating  of  silver  is  most  readily  deposited  are  brass,  copper,  bronze^ 
and  German  silver;  but  it  may  also  be  effected  on  steel.  The 
articles  to  be  plated  are  cleansed  from  adhering  greasy  matters 
either  by  boiling  them  in  a  weak  alkaline  solution,  and  then 
washing ;  or  they  are  heated  to  low  redness  in  a  muflSe :  in  either 
case  they  are  next  dipped  into  diluted  nitric  acid  for  the  purpose 
of  removing  any  adhering  film  of  oxide.  They  are  then  brushed 
with  a  hard  brush  and  some  sand ;  and  having  been  rinsed  &om 
adhering  impurities,  and  separately  attached  to  a  clean  o^per 
wire,  they  are  again  dipped  for  an  instant  into  nitric  acid,  washed^ 
and  immersed  whilst  still  wet  in  the  silvering  bath.  Let  fig.  228 
represent  a  plan  of  this  bath,  and  c  z  the  voltaic  battery;  the 
copper  wires  attached  to  the  articles  to  be  plated  are  twisted  round 
the  rods  p  p  p^  which  axe  connected  with  the  negative  wire  of  the 
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battery,  whilst  the  positive  wire  is  connected  Fio.  228. 

■with  a  series  of  silver  plates,  z  z  z,  which  are  also 
immersed  in  the  silvering  liquid.  This  solution 
is  commonly  prepared  by  dissolving  cyanide  of 
silver  in  a  solution  either  of  cyanide  or  of  ferro- 
cyanide  of  potassium.  Solutions  containing  hy- 
posulphite or  sulphite  of  silver  are  occasionally 
employed.  In  order  to  prepare  the  silvering 
bath,  a  solution  of  nitrate  of  silver  may  be  pre- 
cipitated by  the  addition  of  cyanide  of  potassiimi 
so  long  as  it  produces  a  precipitate :  this  pre- 
cipitate, after  having  been  washed  by  decanta- 
tion,  is  dissolved  in  a  solution  of  cyanide  of 
potassium.  An  excess  of  cyanide  of  potassium 
is  requisite;  at  least  3  parts  of  cyanide  of  potassium  being 
employed  for  i  part  of  cyanide  of  silver,*  A  solution  which  con- 
tains 3V  of  its  weight  of  silver  is  foimd  to  be  of  a  convenient 
strength  for  ordinary  operations.  When  cyanide  of  potassium 
is  used  in  the  bath  as  a  solvent,  the  solution  gradually  becomes 
alkaline  from  the  formation  of  carbonate  of  potassium,  which  ac- 
cumulates in  the  liquid  and  interferes  with  the  regularity  of  the 
decomposition :  but  if  cyanide  of  calcium  be  substituted  for  the 
cyanide  of  potassium,  this  inconvenience  is  obviated,  since  carbo- 
nate of  calcium  is  formed,  and  owing  to  its  insolubility,  it  sinks  to 
the  bottom  of  the  bath  as  fast  as  it  is  produced.  The  articles 
when  plated  have  a  dead  white  or  chalky  surface,  but  they  may  be 
burnished  by  pressure  if  desired,  and  they  then  assume  the  brilliant 
lustre  of  polished  silver.  It  is  remarkable  that  the  addition  of  a 
very  small  proportion  of  bisulphide  of  carbon  to  the  bath  causes 
the  deposited  silver  to  assume  the  lustre  of  the  polished  metal.f 
The  amount  of  silver  which  is  deposited  can  be  regulated  very 
accurately  by  weighing  the  articles  before  immersion,  and  weighing 
them  again  afterwards.  A  deposit  of  from  ij  ounce  to  li  ounce 
of  silver  to  a  square  foot  of  the  plated  surface  answers  well  in 


*  If  ferrocyanide  of  potassium  be  used  as  a  solvent  of  the  cyanide  of  silver, 
10  parts  of  this  salt  are  required  for  the  solution  of  i  part  of  cyanide  of  silver. 

f  In  order  to  effect  tliis  object,  6  ounces  of  bisulphide  of  carbon  are 
directed  to  be  agitated  with  1  gallon  of  the  plating  liquid,  and  set  aside  for 
24  hours.  Two  ounces  of  the  liquid  thus  obtained,  are  to  be  added  over 
night  to  20  gallons  of  the  ordinary  plating  liquid  ;  the  bath  is  ready  for  use 
next  morning.  This  addition  of  the  solution  of  the  bisulphide  requires  to 
be  renewed  daily,  to  make  up  for  the  loss  of  the  bisulphide  of  carbon  by 
evaporation.  Much  care  is  required  in  the  use  of  such  a  solution,  for  it  is 
hable  to  changes  which  are  produced  by  very  slight  modifications  in  the  mode 
of  working. 
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practice;  tlie  sheet  of  silver  under  these  circumstances  being  of 
about  the  thickness  of  ordinary  writing  paper.  The  solution  mint 
be  frequently  stirred  in  order  to  preserve  the  liquid  of  mii&ra 
density  and  composition  throughout. 

The  batteries  used  at  Birmingham  for  gilding  and  sflverisg 
are  in  general  simply  plates  of  amalgamated  zinc  opposed  to  platei 
of  copper  in  diluted  sulphuric  acid :  the  plates  are  so  arranged  tint 
they  can  be  readily  raised  or  lowered  in  order  to  expose  a  smaller 
or  larger  surface  to  the  action  of  the  acid.  The  superficial  area,  and 
number  of  the  plates  used^  are  made  to  vary  according  to  the  aic 
and  nature  of  the  objects  to  be  operated  upon.  The  workmu 
judges  fix)m  experience  as  to  the  number  of  pairs  to  be  employed; 
it  seldom  happens  that  more  than  two  or  three  pairs  of  plates 
are  needed.  In  Faris^  Bunsen's  carbon  and  zinc  batteries  are  also 
employed  with  success  in  these  operations. 

(296)  Electro-Gilding  and  Platinizing, — It  is  possible  to  gild 
most  of  the  ordinary  metals  by  voltaic  action.  Articles  wUd 
consist  of  brass,  bronze,  copper,  or  German  silver  are  first  annealed, 
then  pickled,  as  the  operation  of  immersing  them  into  the  mixtnie 
of  diluted  nitric  and  sulphuric  acids  is  termed,  after  which  they 
are  scrubbed  and  "  dipped  ^'  in  strong  nitric  acid,  and  then  rinsed 
in  water,  as  is  practised  in  preparing  them  for  plating.  Silver 
articles  are  cleansed  in  a  similar  manner,  but  they  do  not  require 
to  be  "  dipped.*'  Iron  and  steel  may  be  gilt  by  cleansing  them  fit)m 
grease,  first  with  potash,  and  then  by  dipping  in  nitric  acid,  and 
scouring  the  surface  with  burnt  clay  finely  sifted,  in  order  to 
remove  the  black  stains  produced  by  the  liberation  of  carbon.  A 
more  powerful  current  is  required  for  gilding  upon  iron  than  upon 
the  metals  previously  mentioned. 

The  gilding  bath  most  usually  employed  consists  of  cyanide  of 
gold  dissolved  in  cyanide  of  potassium.  It  may  be  prepared  by 
dissolving  gold  in  aqua  regia,  and  adding  cyanide  of  potassium  to 
the  diluted  liquid  so  long  as  it  produces  a  precipitate ;  a  brisk  efier- 
vescence  accompanies  the  action,  and  a  yellow  deposit  of  proto- 
cyanide  of  gold  (AuCy)  is  formed :  the  clear  hquid  is  decanted, 
and  the  precipitate  is  redissolved  in  a  solution  containing  between 
7  and  8  parts  of  the  cyanide  of  potassium  to  i  part  of  gold :  the 
solution  is  then  diluted  until  100  parts  of  the  liquid  contain  i  part 
of  gold. 

M.  Ruolz  has  shown  that  various  other  gilding  baths  may  be 
used  instead  of  the  double  cyanide  of  gold  and  potassium :  for 
example,  he  finds  that  the  cyanide  of  gold  may  be  employed  when 
brought  into  solution  by  the  ferrocyanide,  or  by  the  ferricyanide 
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of  pot«assium ;  he  has  also  used  with  success  the  double  sulphite  of 
gold  and  sodium,  the  solution  of  the  double  chloride  or  iodide  of 
gold  and  sodium  with  an  excess  of  soda,  and  even  the  sulphide  of 
gold  dissolved  in  a  solution  of  protosulphide  of  potassium. 

As  yet  the  deposition  of  platinum  by  voltaic  action  has  not  been 
practised  to  any  considerable  extent,  but  it  is  said  that  a  solution 
of  the  double  chloride  of  platinum  and  potassium  in  caustic  potash 
may  be  applied  to  this  purpose  with  tolerable  success. 

(297)  Resemblances  between  the  Electricity  of  the  Machine  and 
that  of  the  Voltaic  Battery. — Notwithstanding  the  extremely  brief 
duration  of  the  discharge  from  the  electrical  machine,  it  produces, 
whilst  it  lasts,  phenomena  similar  to  those  of  the  voltaic  current, 
which,  indeed,  may  be  regarded  as  a  succession  of  discharges 
repeated  so  frequently  as  to  become  continuous.  By  repeating 
the  discharge  from  the  electrical  machine  many  times  through  the 
same  liquid  conductor,  Faraday  was  enabled  to  obtain  true  elec- 
trolytic decomposition.  The  following  simple  experiment  may  be 
adduced  as  an  illustration  of  this  fact : — Upon  a  plate  of  glass 
place  a  small  piece  of  turmeric-paper,  moistened  with  a  solution 
of  iodide  of  potassium  which  has  been  mixed  with  a  little  starch ; 
upon  one  end  of  this  piece  of  paper  allow  the  point  of  a  fine  pla- 
tinum wire  to  rest,  the  other  end  of  the  wire  being  in  communica- 
tion with  the  prime  conductor  of  the  machine ;  on  the  other  extre- 
mity of  the  paper  place  a  similar  wire  in  communication  with  the 
earth  :  it  wiU  be  found  on  setting  the  machine  in  action  that,  after 
the  lapse  of  one  or  two  minutes,  a  small  blue  spot  will  appear 
round  the  point  of  the  wire  connected  with  the  prime  conductor, 
owing  to  the  liberation  of  iodine ;  while  round  the  wire  which  com- 
municates with  the  earth  a  brown  spot  will  be  formed,  from  the 
action  of  the  alkali  which  is  set  free.  If  the  wires,  instead  of  being 
connected  through  the  medium  of  iodide  of  potassium,  be  made 
to  dip  into  a  drop  of  a  solution  of  sulphate  of  copper,  metallic 
copper  will  be  deposited  on  the  wire  connected  with  the  earth,  and 
oxygen  and  sulphuric  acid  wiU  appear  on  the  other  wire.  If  a 
piece  of  litmus  or  turmeric-paper,  moistened  with  a  solution  of 
sulphate  of  sodium,  be  supported  on  a  thread  of  glass  between  two 
wires,  one  of  which  proceeds  from  the  prime  conductor,  whilst  the 
other  is  in  communication  with  the  earth,  the  saline  solution  in 
the  paper  will  be  decomposed  by  the  electricity,  even  although  the 
paper  does  not  touch  either  of  the  wires :  the  litmus-paper  on  the 
side  towards  the  prime  conductor  will  gradually  be  reddened,  whilst 
the  turmeric-paper  will  be  turned  brown  at  the  extremity  which 
is  farthest  from  the  prime  conductor. 
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The  quantity  of  electricity  which  ia  required  to  produce  dfr 
mical  decomposition  is  very  great.     This  &ct  is  strikingly  iUu- 
tratcd  by  a  comparison  which  was  made  by  Faraday  between  dc 
amount  of  electricity  which  is  developed  £roni   the  machine  b; 
friction  and  that  which  is  furnished  by  the  chemical  action  of  tbe 
battery.    The  experiment  was  performed  in  the  following  manner: 
— A  wire  of  platinum  and  another  wire  of  sine,  each  i^  of  an  inck 
in  diameter,  were  immersed^  tV  of  an  inch  apart^  to  a  depth  of  jet 
an  inch  in  an  extremely  dilute  acid  liquid,  prepared  by  adding  i 
single  drop  of  oil  of  vitriol  to  four  ounces  of  water.      The  curreit 
obtained  from  this  combination,  at  a  temperature  of  60^  F.,  ws 
transmitted  through  the  coil  of  a  galvanometer  consisting  of  18 
feet  of  copper  wire  -rV  o^  ^^  i^ch  thick.     It  produced  in  about 
three  seconds  as  great  a  deviation  of  the  needle  as  was  obtained 
by  the  electricity  furnished  by  thirty  turns  of  a  powerful  plate- 
machine  in  excellent  action.     This  quantity,  if  concentrated  within 
.  a  space  of  time  constituting  only  a  minute  fraction  of  a  second 
by  discharging  it  in  a  single  flash  from  a  Leyden  battery^  exposing 
3500  square  inches  of  coated  surface,  would  have  been  suffidat 
to  kill  a  small  animal,  such  as  a  cat  or  a  rat ;  but  the  chemical 
action  upon  the  zinc  by  which  it  was  produced  was  so  trifling  as 
to  be  quite  inappreciable ;  and  it  is  estimated  by  Faraday  that  not 
less  than  800,000  discharges,  each  equal  in  quantity  to  tliis,  would 
be  required  for  the  decomposition  of  a  single  grain  of  water  !    Ex- 
traordinary as  this  estimate  appears,  it  has  been  amply  confirmed 
by  later  experiments  of  Becquerel  upon  this  subject :    and  from 
the  experiments  of  Weber,  it  may  be  calculated  that,  if  the  whole 
of  the  positive  electricity  required  to  decompose  a  grain  of  water 
were  accumulated  upon  a  cloud  1000  metres  (3281  feet)  above  the 
surface  of  the  earth,  the  attractive  force  exerted  between  the  cloud 
and  the  portion  of  earth  beneath  it  would  be  equal  to  1497  tons! 
(298)  Delu&8  Dry  Pile. — The  relation  between  the  electricity 
of  the  voltaic  battery  and  that  of  the  ordinary  electrical  machine 
admits  of  being  traced  in  an  interesting  manner  by  intermediate 
steps.     Deluc,  soon  after  the  discovery  of  the  voltaic  pile,  con- 
trived what  he  termed  the  dry  pile.     It  may  be  constructed  in  the 
following  manner : — Take  a  number  of  sheets  of  paper,  one  sur- 
face of  which  has  been  coated  with  gold  or  silver  leaf,  and  paste 
upon  the  uncoated  surface  a  sheet  of  zinc  foil ;  when  sufficiently 
dry,  place  several  of  these  sheets  of  paper  one  over  another,  the 
zinc  faces  all  being  arranged  in  one  direction ;  then  cut  out,  with 
a  punch,  a  number  of  circular  disks,  and  arrange  them  in  a  glass 
tube,  the  diameter  of  which  is  rather  greater  than  that  of  the  dr- 
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cular  disks  of  paper,  to  the  number  of  3000  or  upwards,  taking 
care  that  all  the  zinc  surfaces  are  in  one  direction,  and  all  the  sil- 
vered or  gilt  surfaces  in  the  opposite  direction.  A  pile  analogous 
to  Volta's  will  thus  be  obtained ;  and  if  these  disks  be  pressed  to- 
gether and  connected  at  each  end  with  a  metallic  wire,  such  a  pile 
will  cause  divergence  of  the  leaves  of  the  gold-leaf  electroscope 
when  one  extremity  of  it  is  made  to  touch  the  cap  of  the  instru- 
inent,  whilst  the  other  end  is  connected  with  the  earth,  either 
through  the  human  body  or  by  means  of  any  other  conductor. 
If  the  pile  be  reversed,  and  then  presented  to  the  still  diverging 
electroscope,  the  leaves  will  first  collapse,  and  will  then  immediately 
open  with  the  opposite  kind  of  electricity.  Indeed,  if  the  wires 
attached  to  the  two  extremities  of  the  pile  be  bent  round  and 
made  each  to  terminate  in  a  small  metallic  disk,  the  two  disks 
being  placed  at  a  distance  of  about  an  inch  and  a  half  from  each 
other,  care  being  taken  to  maintain  their  insulation,  an  insulated 
slip  of  gold  leaf  suspended  midway  between  the  two  disks  will 
oscillate  backwards  and  forwards  between  them,  if  an  impulse  be 
first  given  to  it  towards  either  side  : — suppose  it  to  approach  the 
positive  plate,  it  acquires  a  positive  charge ;  it  is  then  repelled 
from  the  positive  plate,  but  is  attracted  by  the  negative  plate, 
when  it  gives  up  its  positive  charge  and  becomes  negatively  elec- 
trified, in  which  state  it  is  again  attracted  by  the  positive  plate; 
this  alternate  movement  of  the  gold  leaf  will  continue  uninter- 
ruptedly for  months  or  even  years.*  With  a  dry  pile,  which 
contained  20,000  pairs,  or  disks,  of  zinc  and  silver  paper,  sparks 
have  been  obtained,  and  a  Leyden  battery  has  been  charged  suffi- 
ciently to  produce  shocks.  It  is  worthy  of  remark,  that  these 
actions  are  produced  in  Deluc's  column  only  when  the  paper  con- 
tains that  amount  of  moisture  which  is  found  in  it  under  ordinary 
circumstances,  and  which  is  considerable,  although  it  usually 
passes  unnoticed.  If  the  paper  be  artificially  dried,  the  pile  loses 
its  activity,  but  again  recovers  its  energy  as  the  paper  reabsorbs 
moisture  from  the  air.  Provided  that  the  two  extremities  of  the 
pile  be  insulated  from  each  other,  it  will  retain  its  activity  unim- 
paired for  years ;  but  if  the  ends  be  permanently  connected  by 

•  Bohnenberger  has  contrived  an  extremely  sensitive  electroscope,  which 
depends  upon  a  modification  of  this  experiment.  Midwaj^  between  the  two 
insulated  terminating  disks  of  Deluc*s  pile,  he  suspends  a  single  strip  of  gold 
leaf  by  a  metallic  wire  from  an  insulated  plate  of  metal ;  this  gold  leaf, 
however,  is  not  near  enough  to  either  disk  to  touch  it.  If  a  body  with  the 
feeblest  electrical  charge  be  made  to  touch  the  insulated  plate,  the  gold  leaf 
becom«>8  electric,  and  is  attracted  towards  the  oppositely  electrified  pole  of 
the  pile. 
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means  of  a  good  conductor^  the  zinc  becomes  gradually  oxidned, 
and  the  electrical  effects  disappear. 

Zamboni  obtains  a  more  effective  instrument  by  8ubstitiitiB| 
finely-powdered  peroxide  of  manganese  for  the  gold  or  silver  kit 
One  surface  of  the  paper  is  coated  with  zinc  or  tin-foil,  and  tk 
coating  of  peroxide  may  be  given  to  the  other  surface  either  k 
rubbing  it  on  in  a  dry  state^  or  by  applying  it  in  admixture  wi& 
water  to  which  a  little  honey  has  been  added.      The  paper  disb 
are  arranged  in  a  column,  and  are  terminated  at  either  extremi^ 
by  a  metallic  plate.   These  metallic  plates  are  made  to  compress  die 
paper  disks  by  means  of  ligatures  of  silk  which  pass  from  end  to 
end  of  the  pile  and  bind  the  disks  firmly  together ;  whilst  effiB^ 
tual  insulation  is  provided  for  by  giving  the  pile  a  non-conductiDg 
coat  of  sulphur,  which  is  easily  applied  by  a  momentary  immer- 
sion of  the  whole  instrument  in  a  bath  of  melted  sulphur. 

(299)  Water  Battery. — It  has  been  already  stated  (259)  tlat 
even  with  a  single  pair  of  zinc  and  copper  plates  excited  by  diluted 
acid,  polarization  and  electric  tension  may  be  proved  to  precede 
the  voltaic  current,  though  the  experiment  is  one  of  consideraUe 
delicacy.  These  effects  of  tension  are  strikingly  exhibited  in  the 
case  of  Dcluc's  pile ;  but  they  may  be  shown  in  a  manner  still 
more  decided  by  employing  a  numerous  series  of  alternations  of 
zinc  and  copper,  each  of  which  need  expose  only  a  very  small  sur- 
face, and  may  be  excited  simply  with  distilled  water.  Such  an 
arrangement  or  water  battery,  consisting  of  a  thousand  couples, 
produces,  if  insulated,  and  connected  at  each  of  its  extremities 
with  a  gold-leaf  electroscope,  considerable  divergence  of  the  leaves 
of  each  instrument.  Such  a  battery  will  communicate  a  charge 
to  a  Leydcn  battery :  this  charge,  though  it  rises  only  to  a  small 
extent,  may  be  renewed  and  discharged  for  an  indefinite  niunber 
of  times  in  very  rapid  succession.  The  wire  which  is  connected 
with  the  last  zinc  plate  of  this  battery  is  negative,  whilst  that 
which  is  attached  to  the  copper  is  positive. 

Gassiot  {Phil.  Trans.,  1844,  p.  39)  has  given  an  account  of  a 
very  powerful  and  carefiilly  constructed  water  battery,  from  which 
he  obtained  results  of  great  interest.  This  battery  was  composed 
of  3520  pairs  of  copper  and  zinc  plates,  arranged  in  separate  glass 
vessels,  covered  with  a  coating  of  lac  varnish ;  the  glass  cells  were 
supported  on  slips  of  glass  thickly  coated  on  both  sides  with  sheU- 
lac,  and  these  glass  plates  were  insulated  on  varnished  oaken 
boards,  each  board  being  fiirther  insulated  by  resting  on  thick 
plates  of  glass  similarly  varnished.  All  these  precautions  were 
found  by  experience  to  be  necessary  in  order  to  preserve  the  insu- 
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lation.  When  the  conducting  wires  of  this  battery  were  brought 
within  3V  of  an  inch  of  each  other,  sparks  were  obtained,  and  when 
the  wires  were  made  to  terminate  in  brass  disks  which  were 
"brought  very  near  each  other,  a  rapid  succession  of  sparks  was 
maintained,  which  on  one  occasion  continued  without  interruption 
for  five  weeks.  A  permanent  deflection  of  the  galvanometer  was 
obtained  when  this  instrument  was  included  in  the  circmt  whilst 
the  sparks  were  passing;  under  similar  circumstances,  paper 
TQoistened  with  iodide  of  potassium  and  included  in  the  circuit, 
speedily  gave  indications  of  the  chemical  decomposition  of  the 
iodide.  The  chemical  effects  produced  by  the  water  battery  are, 
however,  always  feeble,  but  they  are  similar  in  kind  and  in  direc- 
tion to  those  which  are  obtained  when  acids  are  employed  as  the 
exciting  liquid  in  the  cells ;  and  the  principal  effect  that  would  be 
obtained  if  diluted  acid  were  substituted  for  water  in  such  a  com- 
bination would  be  an  increase  in  the  quantity  of  electricity,  by  in- 
creasing the  consumption  of  zinc  and  the  chemical  action  in  each 
cell  in  a  given  time.  The  intensity  of  the  charge  would  be  in- 
creased by  the  change  of  the  exciting  liquid,  in  proportion  as  the 
electro-motive  force  of  each  cell  was  augmented  when  compared 
with  the  resistance  offered  by  the  liquid  employed  in  charging  the 
battery.  Neither  in  the  water  battery  nor  in  any  other  form  of 
battery  is  the  intensity,  as  measured  by  its  power  of  overcoming  re- 
sistance to  conduction,  increased  by  increasing  the  size  of  the  plates. 

It  thus  appears,  i.  That  by  voltaic  arrangements  electricity 
may  be  obtained,  exactly  similar  to  that  developed  by  the  common 
machine,  in  its  effects  of  tension  and  in  induction  towards  surround- 
ing objects,  in  the  polar  character  of  its  action,  and  in  the  oppo- 
site nature  of  the  electricities  accumulated  at  the  extremities  of  the 
apparatus.-  2.  That  the  quantity  of  electricity  obtained  by  voltaic 
action  is  almost  immeasurably  greater  than  that  procured  by  fric- 
tion ;  but  that  unless  its  intensity  be  exalted  by  using  a  very 
nimierous  series,  it  docs  not  pass  so  readily  through  non-conduc- 
tors in  the  form  of  sparks  as  the  electricity  of  the  common 
machine.  3.  That,  on  the  other  hand,  by  allowing  the  electricity 
of  the  machine  to  discharge  itself  gradually  through  very  small 
masses  of  imperfect  liquid  conductors  which  are  susceptible  of 
electrolysis,  true  electrolytic  action  may  be  produced. 

The  identity  of  the  two  forces  under  these  different  degrees  of 
intensity  no  longer  admits  of  question :  in  the  voltaic  action  the 
quantity  is  great,  but  the  intensity  is  feeble ;  whilst  in  the  elec- 
tricity of  the  machine  the  reverse  is  the  case,  the  intensity  is  very 
high,  whilst  the  quantity  is  extremely  small. 
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§  lY.  Electro-Magnetism. 

(300)  Law  of  Electro-Magnetic  Action — Tatiffeni  Crahanometer. 
— The  influence  of  an  electric  current  upon  a  freely  suspended 
magnetic  needle  has  been  already  pointed  out  (253),  but  it  will  be 
needAil  to  examine  the  nature  of  the  connexion  between  magp^ 
tism  and  electricity  somewhat  more  closely.  Mere  electricity  of 
tension^  or  electricity  in  a  state  of  rest^  has  no  influence  upon  1 
magnetized  bar.  It  is  only  when  the  electricity  is  in  motion  tbt 
this  magnetic  action  is  excited.  It  has  already  been  explained 
(253)  that  the  direction  in  which  a  magnetic  needle  is  deflected 
depends  upon  the  direction  of  the  current ;  and  it  has  been  ststed 
that  when  the  needle  points  north  and  souths  and  a  wire  is  placed 
parallel  to  the  needle,  if  the  current  flow  from  south  to  nortk 
above  the  needle,  the  north  end  of  the  needle  will  move  westward. 
The  power  which  the  wire  exerts  upon  the  needle  is  inversely  as 
the  distance  of  the  wire  from  such  needle. 

(301)  For  measuring  the  force  of  the  current,  galvanometers  of 
various  forms  have  been  employed.    When  the  power  is  extremely 
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feeble,  the  astatic  galrano- 
meter  (fig.  aoo,)  is  wdl 
adapted  to  the  purpose,  but 
in  this  form  the  value  of  the 
angular  deviation  requires 
to  be  experimentally  deter- 
mined for  each  instrument 
When  the  current  has  a 
greater  degree  of  power 
than  can  be  conveniently 
estimated  by  the  astatic 
combination,  the  iangeni 
galvanometer  is  fiequently 
employed.  This  instrument 
is  simple,  both  in  constnic- 
tion  and  in  principle.  The  conductor,  w,  fig.  229,  which  ia 
used  for  conveying  the  current  round  the  needle,  consists  of  a 
single  coil  of  thick  copper  wire,  bent  into  a  circle  of  about  one 
foot  in  diameter.  It  is  supported  vertically  in  a  smaU  table,  /; 
the  extremities  of  the  wire,  which  are  connected  with  the  battery, 
are  covered  with  silk,  and  pass  vertically  downwards,  side  by  side, 
close  to  each  other,  for  some  inches ;  they  are  thus  situated  in 
the  same  plane  as  the  coil,  and  in  the  direction  of  a  prolongation 
of  its  radius.     The  object  of  this  arrangement  is  to  prevent  this 
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portion  of  the  wires  from  exerting  any  influence  on  the  needle. 
Within  the  circle,  w,  a  magnetic  needle  about  an  inch  long  is 
suspended  by  fibres  of  unspun  silk,  c,  over  a  copper  plate  graduated 
to  degrees.  In  order  to  enable  the  movements  of  the  needle  to 
admit  of  more  accurate  measurement,  its  apparent  length  is  in- 
creased by  fastening  a  piece  of  fine  copper  wire  to  each  end.  This 
arrangement  is  protected  from  currents  of  air  by  means  of  a  glass 
shade.  The  point  of  suspension  of  the  needle  is  made  to  coincide 
accurately  with  the  centre  of  the  circle  formed  by  the  conducting 
wire :  at  a  is  a  screw  for  raising  or  lowering  the  needle.  When 
the  instrument  is  placed  exactly  in  the  magnetic  meridian,  the 
needle,  imder  the  influence  of  the  directive  action  of  the  earth's 
magnetism,  assumes  a  position  parallel  to  the  diameter  of  the 
circle.  On  transmitting  the  current  through  the  wire,  the  needle 
receives  an  impulse  which,  if  it  were  free  from  the  inductive  action 
of  the  earth,  would  place  it  exactly  at  right  angles  to  the  coil : 
owing,  however,  to  the  influence  of  the  earth,  the  needle  is  unable 
ever  really  to  assume  this  position ;  but  it  takes  one  which  repre- 
sents the  resultant  of  the  two  forces,  and  as  the  action  of  the 
earth  may  be  assumed  to  be  uniform,  the  measurement  of  the 
angle  enables  the  force  of  the  current  which  produces  the  devia- 
tion to  be  calculated.  It  may  be  demonstrated  that  the  force  of 
the  current  is  proportioned  to  the  tangent  of  the  angle  of  devia- 
tion. The  instrument  cannot  be  relied  on  for  angular  deviations 
which  much  exceed  70°,  owing  to  the  rapidly  diminishing  angular 
deviation  produced  by  equal  increments  in  the  force  of  the  current 
when  the  deflection  has  reached  this  extent;  but  for  all  cur- 
rents which  produce  a  deviation  of  smaller  amoimt,  it  affords 
a  convenient  measure.  Other  forms  of  galvanometer  have 
been  contrived,  which  it  will  not  be  necessary  to  describe  in  this 
work. 

(30a)  Influence  of  a  Condticting  Wire  in  exciting  Magnetism^ 
— ^Thc  action  of  the  conducting  wire  upon  the  magnetic  needle  is 
not  interfered  with  by  interposing  a  sheet  of  glass  or  other  insu- 
lator of  electricity,  and  the  magnetic  influence  is  equally  transmitted, 
although  a  sheet  of  copper,  of  lead,  or  of  any  other  non-magnetic 
metallic  conductor  of  electricity  be  introduced  between  the  needle 
and  the  wire.  The  electric  current,  however,  produces  no  diver- 
gence of  the  leaves  of  an  electroscope  which  is  brought  into  its 
vicinity.  Not  only  does  a  wire  which  is  conveying  electricity  affect 
a  needle  which  has  been  already  magnetized,  but  the  conducting 
wire  itself,  so  long  as  it  is  transmitting  the  electric  current,  dis- 
plays magnetic  properties.     If  a  thin  wire  of  copper^  or  of  any 
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Fig.  230. 


other  non-magnetic  metal,  be  employed  to  complete  the  Yoltuc 
circuit,  such  a  wire  will,  for  the  time,  attract  iron  filings;  and 
the  filings  will  be  arranged  in  a  layer  of  uniform  thickness  around 
the  whole  circumference  of  the  wire,  and  along  its  whole  lengtL 
The  moment  that  the  connexion  with  the  battery  is  broken,  the 
magnetism  ceases,  and  the  filings  fall  off;  but  the  attractive  powa 
may  be  again  instantly  renewed  on  completing  the  circuit.  Hie 
iron  filings  in  this  case  become  magnets,  the  poles  of  which  tat 
arranged  alternately  north    and   south    around  the  wire.      His 

arrangement  may  be  better  understood  by  re- 
ference to  fig.  230,  in  which  if  w  be  supposed  to 
Y"  represent  a  section  of  the  wire  which   is  trans- 
mitting a  current  from  +  to  — ,  the  north  end 
_g  of  each  fragment  of  iron  would  be  arranged  as 
represented  by  the  points,  »,  n,  of  the  arrows. 
\jr  y^         If  short  wires  of  soft  iron  be  placed  in  the  di- 
^   ^  rection  of  the  arrows  around  the  wire,  they  be- 
come temporary  magnets,  the  north  and  south 
poles  of  which  are  indicated  by  the  letters  n  and  s.     If  pieces  of 
steel  be  substituted  for  soft  iron,  they  become  permanently  mag- 
netic ;  all  those  which  are  above  the  wire,  if  the  current  be  pass- 
ing in  the  direction  shown  in  the  figure,  will  have  their  north 
ends  to  the  left,  whilst  in  all  those  below,  the  north  ends  will  be 
to  the  right. 

t303)  Formation  of  Electro-Magnets. — We  see,  then,  that 
every  part  of  the  wire  along  which  a  current  is  passing  is  mag- 
netic.  By  coiling  the  conducting  wire  into  a  ring,  a  larger  num- 
ber of  particles  is  brought  to  act  upon  a  piece  of  soft  iron  which 
is  passed  through  the  axis  of  the  ring  at  right  angles  to  the  plane 
in  which  it  lies ;  and  by  coiling  up  the  wire  into  a  spiral  form, 
without  allowing  the  spires  to  touch  each  other,  and  supporting 
them  upon  a  glass  tube,  the  action  of  a  very  considerable  length 
of  wire  may  be  concentrated  in  a  very  effective  manner  upon  the 

same  piece  of  soft  iron, 
placed  as  at  c,  rf,  fig.  231. 
Very  powerful  temporary 
magnets  may  thus  be  ob- 
tained. If  the  wire  be  co- 
vered with  cotton,  or,  still 
better,  with  silk,  to  insulate 
the  coils  from  each  other,  the  effects  may  be  greatly  augmented  by 
winding  a  second  series  of  coils  upon  the  first,  and  a  third  upon 
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the  second^  and  so  on,  till  six  or  seven  layers  of  wire  are  coiled 
around  the  bar  which  is  to  be  magnetized.  A  row  of  coils  which 
follows  the  direction  of  a  left-handed  screw  would  neutralize  the 
effect  produced  by  the  right-handed  spiral,  unless  the  current  were 
reversed  in  its  direction  as  it  passes  through  such  a  coil,  as  a 
glance  at  fig.   232  will 

show,  where  a  represents  ^i<*-  232. 

a  right-handed  spiral,  b, 
a  left-handed  spiral:  in 
the  straight  portions  of 
the  wire,  the  current,  as 
indicated  by  the  arrows, 
flows  in  the  same  direc- 
tion in  both;  but  it  is 
reversed  in  the  spirals. 
Such  a  spiral  coil  of 
wire  is  usually  termed  a 
helix.  In  preparing  an  electro-magnetic  coil  it  is  not  necessary, 
however,  that  the  wire  be  coiled  in  one  direction  only,  if  the  wire 
be  continuous ;  for  instance,  if  the  coils  follow  the  direction  of  the 
thread  of  a  right-handed  screw  in  the  first  layer,  as  in  a  b,  fig.  231, 
the  wire  in  winding  it  backwards  from  b  to  a  wiU  be  formed  into 
a  left-handed  spiral,  but  this  is  of  no  consequence,  because  the 
direction  of  the  current  is  also  reversed  in  this  layer,  being  now 
from  B  to  A,  so  that  the  effect  of  the  reversed  twist  of  the  wire  is 
neutralized. 

A  helix  through  which  an  electric  current  is  passing  is  power- 
fully magnetic;  the  two  magnetic  forces  accumulating  at  its  op- 
posite extremities.  If  the  helix  be  supported  with  its  axis  in  a 
vertical  position,  and  a  bar  of  soft  iron  be  partially  introduced 
within  it,  as  soon  as  an  electric  current  of  sufficient  power  is 
transmitted  through  the  coils,  the  bar  will  start  up,  and  will  raise 
itself  in  mid-air  nearly  equidistant  between  the  two  extremities 
of  the  coil,  the  iron,  by  induction,  becoming  for  the  time  a  powerful 
magnet  the  poles  of  the  iron  bar  are  of  course  exactly  the  reverse 
of  those  of  the  helix  by  which  its  magnetism  is  produced. 

The  most  powerftd  electro-magnets,  however,  are  those  in 
which  the  iron  is  bent  into  the  form  of  a  horse-shoe,  and 
around  which  an  insidating  conducting  wire  is  coiled  in  several 
layers,  with  due  attention  to  the  direction  in  which  the  coils  are 
arranged.  In  this  way  magnets  have  been  constructed  which  are 
able  to  sustain  a  weight  exceeding  that  of  a  ton.     The  magnetism 
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developed  in  the  tsoft  iron^  under  the  influence  of  the  Toltaic  co^ 
rent^  attains  its  maximum  in  a  few  moments.  It  ceases  ti 
quickly^  when  the  contact  of  the  wires  with  the  batteiy  ii 
broken ;  and,  by  reversing  the  direction  of  the  current,  the  mag- 
netic polarity  of  the  bar  is  instantly  reversed. 

(304)  Molecular  Movements  during  the  Magnetization  of  Ban, 
— The  production  of  magnetism  in  a  bar  of  iron,  and  the  oessatkn 
of  magnetism,  are  both  attended  with  molecular  motion,  whidi 
pervades  the  whole  mass  of  iron.  Joule  has  shown  that  the  bar, 
on  becoming  magnetic,  acquires  a  slight  increase  in  length,  and 
suddenly  contracts  to  its  former  dimensions  when  the  magnetism 
ceases,  the  elongation  of  the  bar  being  proportional  to  the 
square  of  the  intensity  of  the  magnetism  developed  within  it  It 
has  been  observed  by  Guillemin  that  if  an  iron  bar  be  suppoited 
at  one  end  so  as  to  bend  by  its  own  weight,  it  becomes  straii^ 
ened  to  a  greater  or  less  extent  when  magnetized.  Wertheimlias 
also  observed  that  the  co-efficient  of  the  elasticity  of  both  iron  and 
steel  is  diminished  by  magnetization.  Each  time  that  the  bar 
either  becomes  magnetic  or  loses  its  magnetism,  a  distinct  sooiid 
is  emitted,  the  note  being  similar  to  that  elicited  by  striking  one 
end  of  the  bar  so  as  to  produce  vibrations  in  a  longitudinal  direc- 
tion. The  molecular  movements,  if  repeated  in  quick  successkm 
by  rapidly  making  and  breaking  contact  between  the  ends  of  the 
helix  and  the  wires  of  the  battery,  so  as  repeatedly  and  quickly  to 
magnetize  and  demagnetize  the  bar,  produce  an  elevation  of  tem- 
perature, which,  as  Grove  has  shown,  is  quite  independent  of  tbc 
heat  produced  in  the  conducting  wire  by  the  current.  In 
connexion  with  these  molecular  movements,  it  may  be  noted 
that  Wiedemann  finds  when  a  current  is  transmitted  along 
the  axis  of  a  magnet,  the  magnet  suffers  a  slight  degree  of 
twisting. 

(305)  Laws  of  Electro-Magnetism, — According  to  the  re- 
searches of  Lenz  and  Jacobi,  it  appears  that  if  the  battery  current 
be  maintained  of  a  uniform  strength — i.  That  the  magnetism 
which  is  induced  in  any  given  bar  is  directly  proportioned  to  the 
number  of  coils  which  act  upon  the  bar :  it  is  a  matter  of  indif- 
ference whether  the  coils  be  uniformly  distributed  over  the  whole 
length  of  the  bar,  or  whether  they  be  accumulated  towards  its 
two  extremities.  2,  That  the  diameter  of  the  coils  which  sur- 
round the  bar  does  not  influence  the  result,  provided  that  the 
current  be  in  all  cases  of  uniform  strength ;  for  though  the  in- 
ductive influence  decreases  as  the  distance  of  the  magnet  firom  the 
wire,  the  induction  produced  by  the  increased  length  of  the  wire 
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in  the  circumference  of  the  coil  is  augmented  in  precisely  the 
same  proportion.  3.  That  the  thickness  of  the  wire  composing 
the  coil  does  not  influence  its  eflTect  upon  the  bar.  4.  That  the 
energy  of  the  magnetism  is,  cateris  parilms,  proportioned  to  the 
strength  of  the  current,  being  directly  as  the  electro-motive  force 
and  inversely  as  the  resistances  of  the  circuit.*  5.  That  the  re- 
ieniive  power  of  the  magnet,  like  the  attractive  power  in  electri- 
city, increases  as  the  square  of  the  intensity  of  the  magnetism. 
6.  That  the  intensity  of  the  magnetism  induced  upon  a  solid  bar 
by  a  given  current  is  proportioned  to  the  surfSEice  which  the  bar 
exposes ;  or  in  cylindrical  bars  it  is  as  the  square  of  the  weight.f 
Bundles  of  isolated  wires  expose  a  larger  surface  than  a  solid  bar, 
and  hence  they  are  susceptible  of  a  higher  amoimt  of  magnetism 
than  a  solid  bar  of  equal  weight.  7.  That  the  employment  of 
long  bars  has  no  other  advantage  over  the  use  of  short  bars  than 
that  of  removing  to  a  greater  distance  the  counteracting  influence 
of  the  two  magnetic  poles  upon  each  other. 

The  practical  question  in  preparing  an  electro-magnet  resolves 
itself  into  the  determination  of  the  thickness  and  length  of  the 
Vires  which  are  required  to  produce  the  maximum  effect.  It  is 
obvious,  that  for  a  battery  of  a  given  power,  the  longer  the  wire 
which  is  employed,  the  greater  is  the  resistance  introduced,  so 
that  the  number  of  convolutions  practically  has  a  limit  beyond 
which  nothing  is  gained  by  increasing  them,  and  this  limit  is  at- 
tained when  the  increased  resistance  introduced  by  the  increasing 
length  of  the  wire  balances  the  gain  produced  by  the  influence  of 
the  additional  coils  upon  the  bar ;  the  greater  the  diameter  of  the 
coil  the  longer,  of  course,  will  be  the  wire  required  to  form  it, 
and  the  greater  will  be  the  resistance  of  such  a  coil  in  proportion 
to  its  magnetizing  power.  Experience  shows,  that  in  order  to 
attain  the  most  economical  combination  in  the  battery  in  propor- 
tion to  the  quantity  of  materials  consumed,  when  magnetic  power 
is  required,  the  same  rule  must  be  followed  as  when  chemical  re- 
sistance has  to  be  overcome — viz.,  that  that  combination  is  the 


*  ThiB  increase  of  pow  er,  it  must  be  observed,  only  occurs  up  to  a  certaiik 
point,  as  there  appears  to  be  a  limit  to  the  amount  01  magnetic  force  which 
can  be  developed  in  iron,  although  the  amount  of  electric  action  may  be 
indefinitely  increased. 

t  Dub,  however,  confirms  the  observations  of  Miiller,  which  give  a 
different  result,  viz.,  that  the  intensity  of  the  magnetism  in  cylindrical  bars 
is,  for  equal  currents  in  coils  of  equal  number,  proportioned  to  the  square 
root  of  the  diameter  of  the  bar ;  the  magnetism  developed  in  a  bar  4  inches 
thick  being  twice  as  powerful  as  that  produced  in  a  bar  ot  i  inch  in  thickness  ; 
so  that  the  retentive  power  is  directly  proportioned  to  the  diameter  of 
the  bars. 
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most  effective  in  which  the  resistance  of  tlie  wires  and  of  fle 
coils  T^hich  are  exterior  to  the  battery  is  equal  to  the  resistance  of 
the  liquids  and  other  materials  used  in  the  construction  of  the 
battery  itself^  or  when  in  Ohm's  Formula  (^^^  y=^)  the  value  oi 
A  most  nearly  approaches  0*5 ;  in  which  case  r=^nR. 

(306)  Ampere's  Theory  of  EUctro-Magnetistn. — It  will  be 
necessary  to  examine  somewhat  further  the  properties  of  a  spiral 
wire  which  is  conveying  a  current,  in  order  that  the  reader  may 
be  enabled  to  understand  the  theory  of  Ampere,  by  which  he  a^ 
counts  for  the  mutual  action  of  magnets  and  electric  currents.  If 
a  simple  helix,  which  for  lightness  may  be  made  of  thin  wire,  be 
freely  suspended,  it  will,  whilst  conveying  the  current,  place  itadf 
in  the  magnetic  meridian ;  that  is  to  say,  it  will  point  north  and 
south,  and  will  be  attracted  and  repelled  by  a  ma^et  which  is 

presented  to  it,  just  as  an  or- 


Fig.  233. 
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dinary  bar  magnet  would  be. 
^g*  233  shows  a  method  of 
suspending  the  helix,  or  efec- 
iro'dynamic  cylinder ,  n  s,  fo 
as  to  exhibit  these  effects; 
the  wire,  a,  terminates  in  a 
small  hook,  which  dips  into 
a  cup  containing  mercury, 
and  this  is  connected  with 
one  of  the  wires  fix>m  a  small 
voltaic  battery ;  the  other 
end,  4,  of  the  coil  dips  into  a  second  mercury  cup,  which  is  in 
communication  with  the  other  wire  of  the  battery :  the  magnet- 
ism  corresponding  with  that  of  the  north  end  of  the  needle  accu- 
mulates at  one  extremity  of  the  coil,  whilst  the  opposite  mag- 
netism accumulates  at  the  other  extremity :  this  effect  necessarily 
follows  from  the  influence  of  each  coil  upon  its  neighbours^  since 
the  north  side  of  every  coil  is  in  one  direction,  whilst  the  souUi 
side  is  in  the  opposite.  Ampere,  who  first  pointed  out  the  remark- 
able analogy  between  an  ordinary  magnet  and  the  heUx  when  con- 
veying an  electric  current,  has  deduced  from  it  a  theory  of  the 
connexion  between  magnetism  and  electricity  which  has  satisfied, 
hitherto,  the  rigorous  requirements  of  mathematical  analysis,  and 
has  also  explained  all  the  phenomena  of  electro-magnetism  that 
have  as  yet  been  discovered.  Ampere  assumes  that  all  bodies 
which  exhibit  magnetic  polarity,  derive  this  polarity  from  currents 
of  electricity  which  arc  perpetually  circulating  around  the  particles 
of  which  the  magnetic  bodies  are  composed.     Around  each  par« 
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pposed  continually  to  circulate ;  the 

supposed  to  be  uniform,  each  current 

circulating  in  a  plane  at  right  angles  to  the  axis  of  the  magnetic 


Fig.  234. 


power.  In  fig.  234,  the  currents  are  shown 
as  at  a,  b,  c,  circulating  in  a  imiform  di- 
rection around  the  particles  of  a  bar  mag- 
net, of  which  the  south  pole,  s,  is  nearest 
the  observer.  The  resultant  eflfect  of  these  x 
united  and  concordant  small  currents  would  f  KyK^Q)" 
be  equivalent  to  that  produced  by  a  single  I  "QQ^ 
current  winding  in  a  spiral  direction  imi-  \  /7\>7\  /^ 
formly  around  the  bar  which  would  occupy  |^<-^  V^  vl/ 
the  axis  of  such  a  spiral.  In  an  ordinary 
magnetic  needle,  which  is  pointing  north  and  south,  currents  would 
ascend  on  the  western  side  and  descend  on  the  eastern.  No  definite 
proof  of  the  existence  of  these  currents  can  be  given,  nor  can  a 
reason  for  the  persistence  of  such  currents  in  permanent  magnets 
be  assigned ;  but,  granting  that  such  currents  do  exist,  all  the 
mutual  actions  between  wires  which  convey  currents  and  perma- 
nent magnets  follow  as  a  matter  of  necessity. 

(307)  Muttuil  Influence  of  Wires  which  are  conveying  Currents, 
— We  proceed  to  point  out  one  or  two  of  these  consequences. 
When  two  wires  are  freely  suspended  near  each  other,  and  elec- 
trical currents  are  transmitted  through  them,  the  wires  will  be 
mutually  repulsive  if  the  currents  pass  in  opposite  directions,  but 
they  will  attract  each  other  if  the  currents  be  in  the  same  direction* 
Fig.  235  will  explain 

the    reason.       When  ^^^'  ^35- 

the  currents  are  in  op- 
posite directions  (No. 
i),  the  fnagnetism  on 
one  side  of  the  wires 
is  exactly  similar  to 
that  in  the  contiguous 
side  of  the  second 
wire,  as  indicated  by 
the  arrows  arranged  "^      j.     " 

round  p  and  n.    The 

two  north  poles  and  the  two  south  poles  consequently  repel  each 
other:  whereas  when  the  current  is  passing  through  the  two  wires 
in  the  same  direction,  as  shown  in  No.  2,  the  effects  are  exactly 
reversed  j  attraction  foUows,  and  if  the  wires  be  firedy  suspended, 
«s  in  Snow  Harris's  arrangement,  represented  in  fig.  236,  they  will 
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place  themselves  parallel  to  each  otha 
Three  concentric  troughs  oontaining  iw- 
cury  are  arranged  on  a  small  stand ;  & 
current  passes  &om  one  of  the  wires  of  Ae 
battery  to  the  central  trongh,  retnnn  b 
the  inner  loop  of  wire  to  the  second  tron^ 
and  hj  the  outer  loop  is  transmitted  ta  tbt 
exterior  trough,  vhich  is  in  conununicatka 
with  the  other  wire  from  the  batteiy. 
_  This  attraction  between  currents  which  m 
passing  in  the  same  direction  may  be  mh 
dered  evident  iu  the  contiguous  coils  of  a  helix  ;  from  this  cam^ 
a  helix  formed  of  a  slender  harpsichord  wire  shortens  itself  vhei 
the  current  is  transmitted,  but  recovers  its  former  dimensions  whoi 
the  current  ia  intennitted.  Now  if  it  be  granted  that  in  every  bn 
magnet  electrical  currente  are  perpetually  circulating  around  the 
particles  of  which  it  is  composed,  iu  a  direction  at  right  angles  to 
a  line  joining  the  magnetic  poles,  we  have  in  the  for^cnng  cxpeii- 
ments  an  explanation  of  the  tendency  of  a  magnet  to  place  itadf 
across  a  wire  which  ia  conveying  an  electric 
current,  since,  by  such  a  movement,  the 
currents  in  the  magnet  and  in  the  wire  as- 
sume a  direction  parallel  to  each  other.  Let 
p  Q  {fig.  237),  represent  a  wire  conveying 
an  electric  current  in  the  direction  of  the 
"  arrow ;  n  will  indicate  the  north  end  of  a 
magnet  iu  which  the  currents  supposed  to 
circulate  uound  its  particles  would  be 
parallel  to  the  current  in  the  wire  f  q. 
If  the  magnet  be  stationary  whilst  the  wire  is  moveable  the 
wire  will  place  itself  at  right  angles  to  the  magnet.  In  JSg.  338, 
a  plate  of  zinc,  t,  is  represented 


Fio.  a 


Fio.  338. 


as  connected  by  a  loop  of  wire 
with  the  copper  plate  c ;  both 
are  suspended  in  a  tube  con- 
tainiug  diluted  acid,  and  the 
little  battery  is  made  to  float 
iu  a  vessel  of  water  by  the  aid 
of  a  piece  of  cork,  d.  If  the 
north  end  of  a  magnet,  n,  be 
presented  towards  the  loop  in 
the  direction  shown  in  the  cu^ 
the  wire  will  be  attracted,  and 
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will  place  itself  midway  between  the  two  extremities  of  the  magnet ; 
but  if  the  south  end  be  presented,  the  wire  will  be  repelled ;  the 
little  floating  combination  will  turn  half  round  so  as  to  reverse  its 
direction,  and  then  will  be  attracted. 

Motion  is  also  produced  in  a  wire  which  conveys  a  current,  if 
it  be  suspended  perpendicularly  between  the  two  poles  of  a  horse- 
shoe magnet  placed  upon  its  side,  the  lower  extremity  of  the  wire 
dipping  into  a  trough  of  mercury  connected  with  one  wire  of  the 
battery,  whilst  it  rests  by  a  hook  at  its  upper  end  upon  a  metallic 
arm  which  is  in  communication  with  the  other  wire  of  the  battery ; 
according  to  the  direction  in  which  the  current  is  passing,  the 
suspended  wire  will  be  either  attracted  or  repelled,  by  the  simul- 
taneous action  of  the  two  poles  of  the  magnet  on  the  opposite 
magnetism  of  the  two  sides  of  the  wire ;  the  lower  end  will  be 
thrown  out  of  the  trough  of  mercury ;  this  movement  will  break 
the  connexion  with  the  battery,  and  the  wire  will  then  cease  to  be 
acted  upon  by  the  magnet  until  it  falls  back  again  into  the  mer- 
cury ;  the  battery  contact  is  by  this  means  renewed,  and  the  same 
series  of  motions  is  repeated.  A  spur  wheel  or  star,  if  substituted 
for  the  wire,  may  in  this  manner  be  kept  in  continual  revolution; 
for  as  one  radius  is  thrown  out,  another  enters  the  mercury,  and 
thus  renews  the  connexion  with  the  battery,  till  it  in  its  turn 
makes  way  for  another. 

(308)  Electro-Magnetic  Rotations. — The  movements  just  de- 
scribed are  not  the  only  ones  which  the  magnet  and  the  wire 
produce  on  each  other.  If  the  action  of  the  electric  current  be 
limited  to  a  single  pole  of  the  magnet,  a  continuous  rotation  of 
the  pole  round  the  conducting  wire  may  be  obtained ;  or  if  the 
magnet  be  fixed  whilst  the  wire  is  moveable,  the  wire  will  revolve 
around  the  magnet. 

Faraday,  by  whom  these  rotations  were  first  investigated,  was 
led  to  their  discovery  by  observing  the  manner  in  which  a  voltaic 
current  acts  upon  a  magnetic  needle  which  is  moved  in  its  vicinity. 
If  the  conducting  wire  be  placed  perpendicularly,  and  a  needle 
poised  horizontally  at  its  centre  be  made  gradually  to  approach  the 
wire  on  one  side,  each  pole  of  the  needle  is  first  attracted,  and 
on  continuing  the  movement  across  the  wire,  is  then  repelled  by 
the  wire ;  on  the  other  side  of  the 
wire  the  needle  is  repelled  where  Fjq.  j^q. 

it  was  previously  attracted.      The       .,,1—^^  ^ 

points  indicated  in  fig.  239  by  the  a./   s     '^j^^^^J?/^    ^  ^ 
letters  a  a,  represent  the  positions  '^^  f  A  a*  ♦* 

of   the   wire   when   it    produced 
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attraction ;  b  k^  those  in  which  it  occasioned  repulsion  :  at  the 
points  s  and  n  midway  between  a  and  r^  the  needle  is  neither 
attracted  nor  repelled.  From  these  residts  Faraday  conduded 
that  each  pole  has  a  tendency  to  revolve  round  the  wire,  and 
therefore  that  the  wire  had  a  similar  tendency  to  revolve  round 
the  poles ;  the  revolution  of  the  north  end  of  the  needle,  it  wis 
expected,  would  be  in  a  direction  the  reverse  of  that  assumed  bf 
the  south  end.  Experiment  completely  verified  these  expecta- 
tions.    The  facts  admit  of  being  shown  in  a  variety  of  forms. 

No.  i,fig.  240,  shovi 
Fio.  240. 

-A- 


A 


an  arrangement  bj 
which  the  magnet  maj 
be  made  to  revolTe 
around  the  fixed  wiie^ 
a  b  I  ff  are  the  north 
ends  of  two  bar  mag- 
nets, which  are  united 
below,  and  terminate  in 
a  pivot,  gi  this  pivot 
works  upon  a  hard  sted 
plate  in  the  board,  a  b  : 
c  £f  is  a  wooden  ring 
which  contains  mer« 
cury,  and  is  in  metallic 
I  2  communication  with  the 

cup,  e.  At  the  centre 
of  each  of  the  magnets  is  a  small  brass  hook  which  dips  into  the 
mercury  of  the  trough,  c  d,  for  conveying  the  current  transmitted 
through  the  wire,  a  b,  which  is  supported  by  the  arm  c.  As  soon 
as  the  connexion  of  the  cups  a  and  e  is  made  with  the  battery, 
the  magnet  begins  to  rotate  around  the  wire,  a  b,  and  continues 
to  do  so  as  long  as  the  current  passes ;  if  the  direction  of  the 
current  be  reversed,  the  direction  of  the  rotation  is  reversed  like- 
wise. No.  a  is  a  similar  arrangement  for  showing  the  rotation  of 
the  wire,  ff  A,  around  the  north  end  of  the  magnet,  a  b ;  the  cur- 
rent enters  at  the  cup,  /,  divides  itself,  and  passes  down  g  and  h 
into  the  ring,  c  d,  which  contains  mercury,  and  is  supported  above 
the  board,  c  n,  by  the  stand,  a  b  ;  the  circuit  is  completed  by 
means  of  the  cup  e :  reversal  of  the  current  reverses  the  direction 
of  the  rotation.  If  the  current  descend  in  the  wire  around  the 
north  end  of  the  magnet,  the  direction  of  the  rotation  is  the  same 
as  that  of  the  hands  of  a  watch  lying  with  the  face  upwards.  The 
current  may  be  transmitted  through  the  upper  half  of  the  magnet 
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itself,  and  if  delicately  poised,  the  bar  may  thus  be  made  to  rotate 
rapidly  upon  its  ovn  axis.  These  rotations  may  also  be  exhibited 
by  liquid  and  by  gaseous  conductors ;  if  the  wires  &om  a  powerful 
voltaic  battery  be  made  to  dip  into  mercury,  the  mercury  over 
the  point  where  the  wires  terminate  will  rotate  rapidly  if  a  magnet 
be  held  above  or  below  the  spot.  The  flame  of  the  Toltaic  arc 
revolves  with  equal  r^ularity  and  distinctness  under  magnetic 
influence ;  thus  by  making  a  powerful  horse-shoe  magnet  a  part 
of  th^  circuit,  and  transmitting  the  current  throtigh  the  magnet 
itself,  the  voltaic  arc  of  flame  which  may  be  drawn  from  one  of 
its  poles  will  rotate  in  the  opposite  direction  to  the  flame  which 
may  be  drawn  from  the  other  pole.  This  magnetic  rotation  of 
the  electric  discharge  is  also  well  exhibited  when  the  induced 
current  of  Ruhmkorff's  coil  is  transmitted  through  an  exhausted 
globe  immediately  over  the  pole  of  an  electro-magnet,  the  direc- 
tion of  the  rotation  being  reversed  with  each  reversal  of  the  mag- 
netism. (De  La  Kive,  Electricity,  Walker's  Translation,  Vol.  iL 
P-  308) 

A  beautiful  proof  of  the  magnetic  condition  of  the  liquid  part 
of  the  circtiit  so  long  as  the  current  is  passing,  is  exhibited  by  the 
rotation  of  the  battery  itself,  in  obedience  to  the  action  of  a 
magnet;  the  experiment  may  be  made  as  follows: — Let  a  double 
cylinder  of  copper,  shown  in  section  at  c,  fig.  241, 
of  about  two  inches  in  diameter  and  three  inches 
high,  be  formed  into  a  cell  capable  of  containing 
liquid,  and  be  supported  by  a  point  attached  to  a 
connecting  strip  of  copper,  over  one  end  of  a  bar 
magnet ;  let  a  cylinder  of  zinc,  z,  be  supported  on 
a  second  point  in  metallic  communication  with  the 
copper :  as  soon  as  a  little  diluted  acid  is  poured 
into  the  cell,  the  zinc  will  begin  to  revolve  around 
the  magnet  in  one  direction,  while  the  copper  ro- 
tates in  the  opposite ;  the  current  is  ascending  in 
the  copper,  whilst  in  the  zinc  it  is  descending  around 
the  same  magnetic  pole :  round  the  north  end  of 
the  magnet,  the  cylinder  of  zinc  will  move  in  the 
same  direction  as  the  bands  of  a  watch  which  is 
lying  with  its  face  upwards. 

Ampere  has  explained  these  rotations  by  means  of  the  theory 
to  which  allusion  has  already  been  made ;  but  it  will  not  be 
needful  to  pursue  this  part  of  the  subject  further. 

(309)  Electric  Telegraph.— 'Dxe  most  important  and  remark- 
able of  the  uses  which  hare  been  made  of  electricity,  consists  in 
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its  application  to  telegraphic  purposes ;  an  application  which  bs 
not  only  brought  distant  towns  upon  the  same  island  or  contiDent 
within  the  means  of  instantaneous  communication  with  each  otheri 
but  which  has  spanned  the  seas^  and  placed  an  insular  metnqinb 
like  London  within  momentary  reach  of  the  distant  capitals  of  de 
continent. 

It  would  be  impossible  in  a  work  like  the  present^  to  gire 
even  a  sketch  of  the  numberless  modifications  and  improTements 
in  the  apparatus  which  have  been  suggested  or  practised  for  car- 
rying out  telegraphic  communications  by  means  of  electridtT, 
since  the  year  1837^  which  is  memorable  as  the  period  at  which 
Cooke  and  Wheatstone  took  out  their  first  patent  for  electiic 
telegraphing^  and  proved  to  the  world  the  possibility  of  trans- 
mitting and  receiving  signals  produced  by  electricity,  with  facility 
and  with  certainty  through  insulating  wires  of  great  length.  On 
the  present  occasion^  an  outline  of  the  essential  parts  of  the  tele- 
graphic system  which  is  generally  adopted  in  this  country  is  aD 
that  can  be  attempted. 

The  electric  telegraph  may  be  regarded  as  consisting  of  three 
parts — viz. :  i.  The  battery,  or  source  of  electric  power,  a.  The 
line,  or  the  means  of  transmitting  the  signals.  3.  The  telegraphic 
indicator,  or  instrument  for  exhibiting  the  signals. 

1.  The  Battery, — The  apparatus  for  producing  the  signals  is 
simply  a  voltaic  battery,  any  form  of  which  may  be  used ;  but  the 
one  commonly  employed  consists  of  a  series  of  alternate  pairs  of 
copper  and  amalgamated  zinc  plates  arranged  in  wooden  troughs, 
sub-divided  into  compartments,  similar  to  those  used  with  Smee's 
battery  (fig.  213).  These  compartments,  after  the  plates  have  been 
introduced,  are  filled  with  sand,  which  is  then  moistened  with 
diluted  sulphuric  acid.  In  this  form  of  instrument  the  risk  of 
leakage  is  diminished  and  the  amount  of  evaporation  is  lessened: 
the  charge  requires  renewing  once  in  ten  days  or  a  fortnight, 
according  to  the  frequency  with  which  the  telegraph  is  used. 
Another  form  of  battery  which  has  been  found  to  be  eflfeetive  for 
a  long  period  consists  of  plates  of  amalgamated  zinc,  and  gas 
coke,  excited  by  solid  sulphate  of  mercury  moistened  with  water; 
they  are  arranged  in  compartments,  similar  to  those  used  for  the 
moistened  sand. 

2.  The  Line. — The  conducting  wire  was  formerly  made  of 
copper,  but  is  now  generally  made  of  iron  wire  about  one-third  of 
an  inch  thick,  coated  with  zinc,  to  protect  it  from  oxidation.  For 
the  purpose  of  insulation  this  wire  is  supported  upon  wooden  posts, 
which  are  firmly  sunk  into  the  earth,  and  which  are  kept  dry  at 
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the  upper  extremity  by  means  of  a  cap  or  case  of  wood^  fourteen 
or  sixteen  inches  long^  between  the  sides  of  which  and  the  post  is 
an  interval  of  air.  To  the  sides  of  this  cap  short  tubes  of  porcelain, 
or  supports  of  glass^  are  attached^  and  through  these  insulating 
tubes  the  wire  passes.  Suppose  that  a  message  is  to  be  trans- 
mitted from  London  to  Manchester ;  a  continuous  insulated  con- 
ducting wire  must  extend  between  the  instrument  or  battery  in 
London  and  the  instrument  at  Manchester  which  is  to  receive  the 
signals^  and  there  must  also  be  a  continuous  conducting  communi- 
cation to  complete  the  circuit  between  Manchester  and  London. 
This  return  conductor  may  consist  of  a  second  metallic  wire  which 
must  be  insulated  from  the  earth  and  from  the  first  wire^  though 
it  may  be  suspended  upon  the  same  posts  side  by  side  with  the 
first.     The  earlier  telegraphic  lines  were  all  made  in  this  way. 

It  was,  however,  discovered  by  Steinheil  that  the  second 
metallic  wire  may  be  dispensed  with,  and  that  the  earth  itself  may 
be  employed  as  the  conductor  for  completing  the  return  commu- 
nication between  the  two  distant  stations.  The  possibility  of 
doing  this  arises  from  the  law  of  conduction  in  solids — ^viz.,  that 
the  conducting  power  increases  in  proportion  to  the  area  of  the 
section  of  the  conductor.  The  earth  as  a  conductor  of  electricity 
is  many  thousand  times  inferior  in  power  to  any  of  the  metals,  if 
columns  of  each  metal  and  of  the  earth  of  equal  diameter  be  com- 
pared. But  it  is  possible  to  multiply  indefinitely  the  area  of  the 
conducting  portion  of  the  earth  between  the  two  stations,  and  thus 
a  line  of  communication  may  be  obtained  which  actually  offers  a 
smaller  amount  of  resistance  than  the  metallic  part  of  the  circuit. 
In  practice  all  that  is  found  necessary,  in  order  to  take  advantage 
of  this  conducting  power  of  the  earth,  and  to  substitute  it  for  the 
return  wire  of  the  telegraph,  consists  in  leading  a  wire  from  the 
telegraphic  apparatus  at  one  end,  into  the  earth,  the  wire  being 
attached  to  a  plate  of  copper  which  exposes  several  square  feet  of 
surface,  and  this  copper  plate  is  buried  in  the  ground,  as  repre- 
sented at  F  (figs.  242,  243,  244).  By  increasing  the  size  of  this 
plate,  any  extent  of  surface  of  contact  with  the  earth  may  be  ob- 
tained, and  thus  the  intrinsic  inferiority  of  the  earth  to  the  metals 
as  regards  its  conducting  power  is  more  than  compensated  for. 

The  general  plan  of  this  arrangement  will  be  understood  from 
fig.  242,  in  which  M  and  i  represent  two  telegraphic  instruments, 
one  stationed,  we  will  suppose,  in  Manchester,  the  other  in  London. 
L  is  the  metallic  line  or  wire  of  communication  which  connects 
the  stations ;  e  is  the  eaoth ;  and  p,  q,  copper  plates  attached  to 
wires,  one  of  which  proceeds  from  each  instrument.      Suppose^ 
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for  example^  a  message  to  be  in  the  act  of  transmission  from  i, 
the  instrument  in  London^  to  m^  the  instrument  in  Manchester; 

Fig.  342. 


if  c  z  represent  the  battery  at  the  London  station^  the  ennent  wiD 
take  the  course  indicated  by  the  arrows ;  it  will  pass  from  c  to  a 
wire  connected  with  the  earth  plate^  f^  thence  it  will  pass  thiougli 
the  200  miles  of  earth  between  the  two  cities;  at  q  it  will  be 
taken  up  again^  and  be  transmitted  by  the  wire  to  the  instromenty 
M,  thence  it  will  be  conveyed  along  the  metallic  wire,  l.,  and  back 
again  to  London,  where  it  will  pass  through  the  instrument^  i,  and 
so  return  to  the  end,  z,  of  the  battery. 

When  it  is  impossible  to  insulate  the  conducting  wire  by  sup- 
porting  it  in  the  air  on  posts,  the  whole  length  of  the  wire  requires  to 
be  covered  with  an  insulating  material.  Caoutchouc  and  gutta- 
percha are  foimd  to  be  well  adapted  to  this  purpose.  In  this  case 
it  is  usual  to  substitute  copper  wires  for  the  iron  ones^  as  owing  to 
the  superior  conducting  power  of  copper,  a  wire  of  much  smaller 
diameter  can  be  employed  without  adding  to  the  resistance,  and  a 
saving  of  space  and  of  insulating  material  is  thus  effected.  The 
wires,  after  having  been  covered  with  a  coating  of  gutta-percha 
about  T  o{  an  inch  thick,  may  be  inclosed  either  singly,  or  several 
of  them  side  by  side,  in  iron  tubing,  to  protect  them  £rom  me- 
chanical injury ;  they  are  then  placed  under  ground,  in  the  same 
manner  as  pipes  for  the  conveyance  of  gas  or  water.  In  the  sub- 
marine telegraphs,  copper  wires  coated  with  gutta-percha  are  care- 
fully arranged  round  a  central  rope  of  tarred  hemp  into  a  compoimd 
rope,  which  contains  several  strands  of  conducting  wire ;  the  whole 
is  protected  by  enclosing  it  in  a  flexible  metallic  covering,  formed 
by  careftdly  twisting  several  iron  wires  around  the  compound  con- 
ducting rope  already  described ;  the  exterior  is  often  ftirther  pro- 
tected by  an  outer  covering  of  tarred  hemp  or  other  analogous 
material.  The  cable  having  been  previously  coiled  up  in  the  hold  of 
a  vessel,  and  one  of  its  extremities  having  been  properly  seemed 
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upon  the  shore,  is  carefully  lowered  into  the  sea ;  from  its  weight, 
the  electric  rope  at  once  sinks  to  the  bottom  as  it  is  gradually 
paid  out  over  the  ship's  side.  When  the  opposite  shore  is  safely 
gained,  the  extremities  of  the  conducting  wire  are  connected  on 
either  side  with  other  wires  which  are  in  communication  with  the 
telegraphic  apparatus,  and  the  signals  can  be  at  once  transmitted. 

In  cases  in  which  the  wires  are  insulated  with  gutta-percha, 
and  are  then  encased  in  iron  tubes,  or  sunk  beneath  a  body  of 
water,  it  has  been  observed  that  if  the  wire  be  connected  with  the 
battery,  the  signal  is  not  instantaneously  transmitted  to  the 
opposite  extremity :  and  that  if  the  battery  contact  be  broken, 
there  is  not  an  instantaneous  cessation  of  electric  action  at  the 
distant  point. 

Faraday  {Phil.  Mag,,  March,  1854)  has  shown  that  this  re- 
tardation is  produced  by  the  action  of  the  current  upon  the  gutta* 
percha  insulator.  The  insulated  wire,  in  fact,  forms  a  Leyden 
jar ;  the  gutta-percha  is  the  dielectric ;  the  wire  within  forms  the 
inner  coating,  and  the  iron  tube,  or  water  of  the  ocean  which 
surrounds  it,  forms  the  exterior  coating.  The  time  lost  at  first  is 
that  which  is  expended  in  giving  to  the  gutta-percha  its  chaise ; 
and  the  current  which  is  observed  to  continue  for  a  short  time 
after  the  wire  has  been  disconnected  with  the  battery,  is  produced 
by  the  gradual  discharge  of  the  electricity  which  had  been  com- 
municated by  lateral  induction  to  the  gutta-percha :  the  gutta- 
percha in  this  case  becomes  polarized,  just  in  the  same  manner 
as  the  glass  of  an  ordinary  Leyden  jar.  When  the  wires  are  sus- 
pended in  air,  no  retardation  of  this  kind  is  observed;  and  no 
after-current  is  perceived.  The  gutta- 
percha in  such  a  case  cannot  assiune  the 
polarized  condition,  owing  to  the  absence 
of  any  conducting  communication  with 
its  external  surface,  by  which  the  induced 
electricity  could  be  carried  off. 

Supposing  that  the  line  of  communi- 
cation has  been  established,  we  have  now 
to  consider : — 

3.  The  Instrument  for  Exhibiting  the 
Signals. — The  indicator,  or  instrument  by 
which  the  signals  are  exhibited,  is  essen- 
tially a  galvanometer,  in  which  the  astatic 
needles  are  suspended  vertically,  instead  of 
being  placed  in  a  horizontal  direction.  A 
cide  view  of  the  coil  is  shown  at  o,  fig.  243. 


Fjo.  243. 
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One  of  the  needles  is  shown  yertically  suspended  within  it;  tbe 
other  needle^  n  ^^  is  represented  in  front  of  the  dial-plate,  i  f,<i 
the  instrument.  The  needles  are  slightly  heavier  at  their  lower 
extremities  than  at  their  upper  ones^  in  order  that  when  distnrbed 
from  the  vertical  line^  they  may  again  resume  it  when  the  disturlHOg 
force  ceases  to  act.  The  motions  of  the  needle  to  the  right  or  to 
the  left  are  limited  hy  a  little  ivory  stud^  which  projects  on  either 
side  from  the  £ELce  of  the  dial :  loss  of  time^  which  would  othenriae 
he  occasioned  by  the  unnecessary  length  of  the  oscillations  of  the 
needle^  is  thus  prevented,  l  and  f  are  the  wires  which  cominii* 
nicate  with  the  distant  station ;  c  z  is  the  battery  ;  h  is  the  handle 
by  which  the  instrument  is  worked.     Fig.  244  is  intended  to  illi»- 

Fio.  244. 


trate  the  principle  upon  which  such  an  instrument  is  made  to  ex- 
hibit the  signals ;  the  details  of  its  construction  have  been  slightly 
modified  in  the  diagrams^  in  order  that  the  course  of  the  electric 
current  may  be  more  clearly  traced.  No.  i  represents  a  back  view 
of  the  essential  parts  of  the  instrument^  when  at  rest  and  in  a  posi- 
tion to  receive  a  message  from  the  distant  extremity.  In  this  posi- 
tion, supposing  the  current  to  originate  from  the  distant  battery, 
and  to  enter  the  galvanometer  g  by  the  wire  l,  it  will  pass  through 
the  coil,  will  make  its  exit  by  the  wire  upon  the  right  hand,  which 
is  attached  to  the  metallic  spring  / ;  thence  it  will  pass  along  the 
brass  crosspiece,  d,  into  the  metallic  spring,  v,  and  complete  the 
circuit  through  the  wire  attached  to  the  plate  p  and  the  earth  b, 
by  which  it  is  returned  to  the  distant  station.  The  battery  shown 
at  c  z  is  inactive  during  the  whole  of  this  stage :  the  wires  which 
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proceed  from  its  two  extremities  are  attached  to  insulated  pieces 
of  brass  at  either  end  of  the  vertical  piece  which  is  connected  with 
d.  No  current  therefore  can  in  this  position  be  transmitted  from 
this  battery^  since  the  wire  proceeding  from  c  is  completely  insu- 
lated. But  suppose  it  be  desired  to  transmit  a  signal  from  this 
instrument  to  the  distant  station : — by  means  of  the  handle  h 
(fig.  243)>  the  piece  to  which  d  is  attached  can  be  pressed  against 
one  of  the  springs  at  /  (fig.  244,  2),  whilst  its  lower  extremity  by 
the  same  movement  is  pressed  against  the  other  spring  v;  the 
current  now  passes  from  the  battery  in  the  direction  shown  by  the 
arrows.  From  c  it  proceeds  to  v^  thence^  through  the  wire  attached 
to  F^  into  the  earth ;  then  through  the  distant  station^  where  the 
instrument  is  airanged  for  receiving  the  signal,  as  in  No.  i,  and  it 
then  produces  a  defiection  of  its  needle.  Thence  the  current  re- 
turns by  L  to  the  galvanometer  coil  o,  and  then  deflects  the  needle, 
returns  through  the  wire  attached  to  the  spring  i,  and  by  the 
metallic  piece  d  completes  the  circuit  through  the  wire  attached  to  z. 

It  is  obvious  that  by  reversing  the  movement  given  to  the 
handle  h,  the  direction  of  the  current  and  the  motion  of  the 
needles  in  the  coil  will  be  reversed  both  in  the  near  and  in  the 
distant  instrument,  as  shown  at  No.  3.  As  soon  as  the  operator 
has  finished  making  his  signals,  the  springs,  v  and  /,  restore  the 
crosspiece  d,  to  the  position  shown  in  No.  i,  and  thus  the  instru- 
ment at  once  adjusts  itself  for  receiving  the  signals  from  the 
distant  station ;  the  battery  at  c  z  being  thrown  out  of  action 
and  the  conducting  communication  with  the  line  being  restored 
through  the  crosspiece,  «f,  by  the  self«-acting  power  of  the  instru- 
ment itself. 

By  this  arrangement  a  corresponding  motion  of  the  needle  is 
always  produced  at  the  same  instant  at  both. stations,  so  that  the 
giver  and  the  receiver  of  the  message  each  perceive  the  signal. 
Since  the  needle  admits  of  being  moved  either  to  the  right  or  to 
the  left,  it  is  clear  that  by  combining  together  on  a  definite  plan 
a  certain  number  of  these  movements,  any  letter  or  word  may  be 
transmitted ;  thus  two  movements  of  the  upper  end  of  the  needle 
to  the  right  may  show  the  letter  A ;  three  movements  in  the  same 
direction  the  letter  B;  four  might  indicate  C;  one  to  the  right 
and  one  to  the  left  D;  and  so  on. 

By  employing  two  or  more  needles  in  each  instrument,  a  greater 
number  and  variety  of  signals  can  be  transmitted  in  the  same  time, 
but  each  needle  requires  a  separate  conducting  wire,  though  the 
number  of  batteries  need  not  be  increased. 
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§  V.  Magneto-Electricity. 

(310)  Volta-Electric  Induction, — The  term  voUa^eleciric  m- 
duction  was  given  by  Faraday  to  the  prodaction  of  seoondaiy  cur- 
rents^ or  currents  in  closed  wires  obtained  by  inductive  action^  Iroa 
wires  conveying  currents  in  the  vicinity  of  such  closed  circaitB. 
The  circumstances  under  which  these  currents  are  formed  will  be 
best  understood  by  a  description  of  an  experiment.  If  a  wire 
through  which  a  voltaic  current  is  passing  be  placed  parallel  to  a 
second  wire,  the  two  extremities  of  which  are  connected  with  die 
ends  of  a  sensitive  galvanometer,  no  perceptible  effect  is  produced 
in  the  second  wire,  so  long  as  the  current  passes  without  interrup- 
tion through  the  first  wire ;  but  if  the  current  through  the  fint 
wire  (or  primary  current,  as  it  may  for  the  sake  of  distinction  be 
termed)  be  suddenly  stopped  by  interrupting  the  connexion  with 
the  battery,  a  secondary  current  of  momentary  duration  is  pro- 
duced in  the  second  wire,  and  this  current  is  direct,  that  is  to  saj, 
it  is  in  the  same  direction  as  that  in  the  battery  wire.  On  again 
completing  the  communication  between  the  first  wire  and  the 
battery,  a  momentary  current  or  wave  of  electricity  is  again 
transmitted  through  the  second  wire,  but  it  is  now  inverse,  or  in 
the  opposite  direction  to  the  primary  current. 

These  effects  may  be  much  increased,  if  instead  of  employing 
simple  wires,  the  wires  be  coiled  into  the  form  of  two  concentiic 
helices ;  the  wire  which  is  to  convey  the  primary  current,  or 
primary  coil,  being  placed  in  the  axis  of  the  coil  for  the  secondary 
current,  and  the  ends  of  the  secondary  coil  being  connected  as 
before  with  the  extremities  of  the  galvanometer.  Under  these 
circumstances  the  needle  will  receive  a  powerfiil  impulse  at  the 
moment  the  primary,  coil  is  connected  with  the  battery,  but  after 
a  few  oscillations  the  needle  will  return  to  its  original  position, 
notwithstanding  that  the  current  through  the  primary  coil  is  main- 
tained; the  instant,  however,  that  the  primary  coil  is  separated 
from  its  contact  with  the  battery,  a  powerful  momentary  impulse, 
from  a  current  through  the  secondary  coil  in  a  direction  the  reverse 
of  the  former,  will  be  produced  upon  the  galvanometer  needle. 

Similar  effects  are  exhibited  by  causing  the  primary  coil,  whilst 
it  is  transmitting  the  battery  current,  suddenly  to  approach  to- 
wards, or  to  recede  from,  the  secondary  coil  which  is  in  connexion 
with  the  galvanometer.  During  the  approach  of  the  coil,  the 
secondary  current  is  in  the  opposite  direction  to  the  primary  one, 
but  during  the  withdrawal  of  the  coil  the  secondary  current  is  in 
the  same  direction  as  the  primary  current.     If  a  small  helix  be 
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substituted  for  the  galvanometer  in  the  secondary  coil^  a  steel 
needle  may  be  magnetized  by  the  induction  of  these  instantaneous 
currents^  and  the  intensity  of  the  magnetism  thus  induced  is  pro- 
portional to  the  intensity  of  the  secondary  current.  By  discharging 
a  Leyden  jar  through  a  primary  coil  properly  insulated,  a  secondary 
current  may  be  obtained  in  the  other  helix,  but  in  this  case  it  is 
always  in  the  same  direction  as  the  current  produced  on  breaking 
contact  with  the  battery. 

(311)  Magneto-Electric  Induction. — Since  electricity  may  be 
made  to  elicit  magnetism,  it  seemed  reasonable  to  expect  that  the 
converse  operation  of  obtaining  electricity  by  means  of  magnetism 
should  likewise  be  practicable.     After  several  fruitless  attempts  to 
solve  this  problem,  Faraday  succeeded  in  discovering  the  conditions 
necessary  to  ensure  the  result  {Phil.  Trans.,  1832,  p.  125).     The 
following  experiment  will  serve  to  illustrate  these  conditions.    Let 
the  extremities  of  a  helix  of  copper  wire  be  connected  by  means  of 
wires  several  feet  in  length  with  the  two  ends  of  a  galvanometer, 
so  that  the  needles  shall  be  beyond  the  direct  influence  of  the 
magnetic  bars  to  be  employed.     Motion  of  a  permanent  magnet 
across  the  coils  of  the  helix  instantly  produces  a  current  in  the 
wire ;  if,  for  example,  a  bar  magnet  be  introduced  into  the  axis  of 
the  helix,  an  immediate  deflection  of  the  galvanometer  needle  is 
produced ;  but  if  the  magnet  be  allowed  to  remain  motionless 
within  the  helix,  the  needle  after  a  few  oscillations  returns  to  its 
zero;  the  instant,  however,  that  the  magnet  is  withdrawn,  the 
galvanometer  needle  is  deflected  to  the  same  extent  as  before,  but 
in  the  opposite  direction.      When  the  marked  end  of  a  magnetic 
bar  is  introduced  mto  a  right-handed  helix,  the  current  which  is 
produced  so  passes  through  the  coils  as  to  enter  the  helix  at  that 
extremity  at  which  the  magnet  enters;  so  that  the  current  under 
these  circumstances  moves  in  the  opposite  direction  to  that  of  the 
hands  of  a  watch  which  is  lying  with  its  face  upwards. 

If  a  bar  of  soft  iron  be  placed  in  the  axis  of  the  helix,  so  long 
as  it  remains  unmagnetized  no  current  is  produced,  but  if  the  op- 
posite poles  of  two  bar  magnets  be  presented  one  to  each  extremity 
of  the  soft  iron,  so  as  to  render  it  temporarily  magnetic  by  induc- 
tion, a  momentary  current  is  produced  whilst  it  is  acquiring 
magnetism,  and  this  current  corresponds  in  direction  with  that 
which  would  be  occasioned  by  introducing  a  bar  magnet,  the  poles 
of  which  correspond  in  direction  with  those  of  the  temporary 
magnet. 

In  like  manner  when  two  concentric  helices  are  arranged  as. 
in  the  experiment  on  volta-electric  induction  (310)1  and  a  bar  of 

M  M  ^ 


532  ruhmkorff's  induction  coii^ 

soft  iron  is  placed  in  the  axis  of  the  primary  ooil^  a  much  more 
powerftil  secondary  current  is  obtained  than  when  the  two  ooili 
only  are  used ;  since  the  soft  iron  in  acquiring  and  in  losing  mag- 
netism produces  a  secondary  current^  which  in  each  case  ocean  in 
the  same  direction  as  that  induced  by  the  primary  coil  alone.  If 
a  bar  of  copper  be  substituted  for  the  iron  bar  or  core  in  tk 
primary  coil^  the  current  is  not  stronger  than  when  the  two  coib 
alone  are  employed. 

If,  as  Ampere  supposes,  a  series  of  electric  currents  are  per- 
petually circulating  around  the  component  particles  of  a  bar  mag- 
net, in  planes  at  right  angles  to  the  magnetic  axis^ — the  motion  of 
a  magnet  in  the  axis  of  a  helix,  the  opposite  extremities  of  whidi 
are  in  metallic  communication  with  each  other  so  as  to  form  a 
closed  circuit,  must  necessarily  produce  a  current  in  such  a  helix; 
for  the  magnet  corresponds  to  a  helix  through  which  an  electric 
current  is  passing :  experiment  shows  that  the  direction  of  the  cnr- 
rents  induced  by  the  magnet  is  precisely  such  as  would  be  required 
by  Ampere's  theory. 

(312)  Ruhmkorff^s  Induction  Coil. — ^The  secondary  currents 
which  are  obtained  by  magnetic  induction  possess  a  high  d^ree  of 
intensity ;  if  the  circuit  be  broken  at  the  moment  that  the  current 
is  passings  a  brilliant  spark  will  be  observed  at  the  point  at  which 
the  interruption  is  occasioned. 

An  effective  apparatus  for  exhibiting  these  secondary  currents 
has  been  in  use  for  several  years,  but  it  has  recently  been  rendered 
still  more  efiScient  by  Ruhmkorff.  One  of  its  forms  is  represented 
in  fig.  245,  in  which  No.  1  shows  a  vertical  section  of  the  ccA 
through  its  long  axis,  the  other  parts  being  shown  in  perspective. 
It  consists  mainly  of  two  concentric  helices  of  copper  wire ;  the 
primary  or  inner  coil,  a  a,  consisting  of  a  stouter  and  shorter  wire 
than  the  secondary  coil,  b  b,  which  is  made  of  a  very  long,  thin 
wire,  insulated  by  silk,  and  each  layer  of  coils  is  carefully  insulated 
from  the  adjacent  layers  :*  m  is  a  bundle  of  soft  iron  wire  placed 
in  the  axis  of  the  coils.  At  +  and  —  are  binding-screws  for 
connecting  the  primary  coil  with  a  voltaic  battery  of  three  or  four 
elements.  This  primary  coil  is  not  continuous  throughout  its 
length,  but  admits  of  being  broken  at  c  and  d;  d  isa,  small  arma- 
ture of  soft  iron,  to  the  under  surface  of  which  a  plate  of  platinum 
is  riveted,  and  the  upper  surface  of  c  is  also  faced  with  platinum. 


*  In  Euhmkorff's  lo-inch  coil  the  inner  or  primarv  wire  is  0*08854  inch 
thick  and  132  feet  long,  300  tarns  of  wire  bein^  formed  upon  the  instrumeDt. 
The  outer  or  secondary  coil  is  0*01312  inch  thick,  and  26,246  feet  in  length, 
distributed  in  25,000  coils. 
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So  long  as  c  and  d  touch  eacli  other,  the  current  circulates  ania- 
temiptcdly  through  a  a  :  but  as  soon  as  the  current  passes  through 


A  A,  the  iron  core,  v,  becomes  magnetic  and  attracts  d,  consequently 
the  contact  between  c  and  d  is  interrupted ;  the  current  imme- 
diately ceases  to  flow  through  a  a,  the  magnetism  in  v  disappears 
instantly,  the  hammer,  d,  &11b,  contact  with  c  and  with  the  bat- 
tery is  immediately  renewed,  d  is  attracted  again,  and  it  imme- 
diately falls  back  upon  c.  Thus  the  battery  itself  acts  as  a  means 
of  making  and  breaking  the  contact  several  hundred  times  in  a 
minute.  A  powerful  current  is  induced  in  the  secondary  coil,  b  b, 
1^  each  of  these  momentary  currents  in  a  A.  In  this  instrument 
the  secondary  current  is  always  transmitted  in  one  direction  only, 
the  induced  current  on  breaking  contact  being  the  only  one  which 
has  sufficient  intensity  to  traverse  the  coil.  No.  3  shows  an  end 
view  of  the  coil,  and  exhibits  more  distinctly  the  parts  by  which 
the  contact  is  made  and  broken.  The  same  letters  apply  in  both 
cases.  The  shocks  are  of  such  intensity  as  to  be  very  painful, 
and  oflen  dangerous,  even  though  experienced  only  for  an  instant. 
A  continuous  stream  of  sparks  will  pass  between  the  insulated 
ends  of  the  secondary  wire,  e  f.  A  Leyden  jar  may  be  charged 
by  the  secondary  current,  and  the  power  of  the  inHtrument  may 
be  much  increased  by  connecting  the  primary  wirc  with  a  modifi- 
cation of  the  Leyden  jar,  which  is  commonly  called  a  condenser  : 
it  connsts  of  a  band  of  brown  paper,  or,  better,  of  oiled  nlk,  on 
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either  side  of  -which  a  sheet  of  tinfoil  is  pasted.  40  or  50  square 
feet  of  coated  surface  are  thus  prepared  and  folded  between  two 
other  bands  of  brown  paper  or  of  silk,  and  packed  in  a  flat  wooden 
case.  The  two  coatings  are  connected  with  the  binding-screws 
attached  to  c  and  d  in  the  primary  current.  The  principle  of  its 
action  is  not  clearly  understood ;  it  does  not  increase  the  quantity 
of  electricity  in  the  secondary  current,  but  it  adds  greatly  to  its 
intensity,  and  augments  the  striking  distance,  so  that  by  its  em- 
ployment, and  by  increasing  the  dimensions  of  the  coil,  paying 
scrupulous  attention  to  the  insulation  of  the  conducting  wires, 
sparks  of  1 8  or  20  inches  in  length  and  of  great  intensity  hare 
been  obtained.  The  intensity  of  this  spark  is  also  greatly  in- 
creased by  hicreasing  the  suddenness  with  which  the  continuity 
of  the  primary  wire  is  broken.  It  is  obvious  that  by  this  machine 
electricity  of  low  tension  may  be  rendered  as  intense  as  that  fitrai 
an  ordinary  plate-machine,  whilst  its  quantity  is  much  greater. 
An  induction  coil  may  indeed  be  substituted  for  an  ordinaiy 
electrical  machine  in  most  cases,  with  great  advantage^  where  a 
continuous  discharge  of  sparks  is  required. 

If  the  shadow  of  the  spark  obtained  between  the  secondary 
wires  of  a  RuhmkorflPs  coil  be  thrown  upon  a  screen  by  the  in- 
tense light  of  the  electric  lamp,  a  cone  of  vapour  will  appear  to 
issue  from  the  point  of  each  wire,  due  to  the  unequal  refraction  pro- 
duced by  the  current  of  heated  air ;  but  the  cone  from  the  nega- 
tive wire  being  more  powerful,  apparently  beats  back  the  heated 
stream  from  the  positive  wire.  These  effects  are  the  reverse  of 
those  produced  in  the  ordinary  voltaic  arc,  in  which  the  greatest 
dispersion  of  matter  and  the  highest  temperature  is  observed  to 
occur  at  the  positive  electrode  (280).  If  the  discharge  of  the 
secondary  coil  be  allowed  to  occur  in  an  exhausted  receiver,  the 
phenomenon  of  the  auroral  light  is  exhibited  in  a  most  beautiful 
manner  through  an  interval  of  several  feet.  Gassiot  has  contrived 
a  very  striking  modification  of  this  experiment,  by  placing  within 
the  receiver  of  the  air-pump  a  small  tumbler  or  beaker  lined  with 
tinfoil  about  half  way  up  the  inside.  The  receiver  should  be  open  at 
top  for  the  admission  of  a  sliding  rod,  which  passes  air-tight  through 
a  brass  plate,  ground  to  fit  the  top  of  the  jar ;  the  sliding  rod  is 
enclosed  in  a  glass  tube,  open  at  bottom,  and  passes  down  to  the 
Inside  of  the  tumbler  and  touches  the  metallic  lining.  On  exhaust- 
ing the  receiver  whilst  the  plate  of  the  pump  is  connected  with  one 
terminal  of  the  secondary  coil,  and  the  sliding  rod  with  the  other 
terminal,  a  beautiful  and  continuous  cascade  of  electric  light  pours 
over  the  edge  of  the  tumbler  upon  the  metallic  plate  of  the  pump. 
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The  effect  is  heightened  if  the  tumbler  be  made  of  a  fluorescent 
material^  such  as  uranium  glass^  and  rests  upon  a  glass  dish  washed 
over  with  sulphate  of  quinine^  the  blue  fluorescence  of  which  con- 
trasts well  with  the  yellow  of  the  uranium.  If,  instead  of  using 
the  sort  of  Leyden  jar  employed  in  the  foregoing  experiment,  this 
discharge  be  taken  in  an  exhausted  glass  globe  between  two  brass 
balls,  it  exhibits  a  very  interesting  appearance ;  the  negative  ball 
becomes  covered  with  a  quiet  glow  of  light,  whilst  a  pear-shaped 
luminous  discharge  takes  place  from  the  positive  ball ;  between 
the  two  balls  is  a  small  interval  nearer  to  the  negative  than  to  the 
positive  ball,  which  is  not  luminous :  T^hen  the  exhaustion  of  the 
receiver  is  very  perfect,  the  luminous  portion  is  observed  to  be 
traversed  by  a  series  of  dark  bands  or  arches  concentric  with  the 
I)ositive  ball ;  the  presence  of  a  little  vapour  of  phosphorus  renders 
these  dark  bands  much  more  distinct.  (Grove.) 

The  occurrence  of  these  bands  is  as  yet  unexplained ;  but  the 
attempts  to  trace  them  to  their  cause  have  led  to  numerous  inte- 
resting investigations  by  Grove,  who  first  observed  them,  by 
Bobinson,  and  by  others,  but  particularly  by  Gassiot,  who  has 
Taried  the  experiment  in  numberless  ways  {Phil.  TVana.y  1858, 
1859).  Gassiot^s  principal  method  of  procedure  has  been  to  seal 
wires  of  platinum,  and  of  other  materials  of  various  sizes  and  forms, 
into  glass  vessels  or  tubes.  These  tubes  and  vessels  were  subse- 
quently exhausted  more  or  less  completely.  Various  gaseous 
bodies  were  then  introduced,  and  were  afterwards  more  or  less 
completely  removed  by  the  air-pump :  effects  of  great  variety. and 
beauty  were  thus  obtained.  The  general  appearances  may  be 
thus  described : — If  a  long  wide  glass  tube  (dg.  246)  containing 

Fig.  246. 


sticks  of  caustic  potash,  at  p,  be  filled  with  well-dried  carbonic 
acid  gas,  and  afterwards  exhausted  by  the  air-pump,  the  residual 
carbonic  acid  will  be  gradually  absorbed  by  the  caustic  potash 
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at  P.  The  effects  observed  on  connecting  the  wires  +,  — ,  ^^ 
the  secondary  wires  of  the  Ruhmkorff's  coil,  vaiy  with  the  perfc 
tion  of  the  vacunm.  If  the  vacuum  be  merely  that  which  can  be 
obtained  by  an  ordinary  air-pump,  no  stratification  is  perceptiUe; 
a  diffuse  lambent  light  fills  the  tube :  if  the  rare&ction  be  caniei 
a  step  further,  narrow  strise,  like  ruled  lines^  about  Virf^^  ^^^  ^ 
thickness  traverse  the  tube  transverse  to  the  line  of  the  discharge, 
as  shown  in  fig.  247,  No.  i.     A  step*  further  in   the  rarefiictkn 

Fig.  347. 
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increases  the  breadth  of  the  bands,  as  seen  in  fig.  246 ;  next  the 
segments  of  light  assume  a  cup-shaped  or  conical  form^  fig.  247, 
No.  2 ;  and  by  carrying  the  rarefaction  still  further^  a  series  of 
luminous  cylinders,  of  an  inch  or  so  in  depth,  with  narrow  dark 
lines  between  them,  are  seen,  fig.  247,  No.  3.  Finally,  when  the 
vacuum  approaches  perfection,  there  is  neither  discharge,  light, 
nor  conduction.  Hence  it  would  appear  that  the  presence  of  tomt 
terial  particles  is  absolutely  necessary  to  the  transfer  of  the  electric 
current. 

When  the  stratification  is  most  distinctly  visible,  a  dark  space 
will  always  be  observed  near  the  negative  pole,  which,  if  of  pla- 
tinum, is  seen  to  be  covered  with  a  bluish  glow  of  light,  within 
which,  the  wire,  by  an  optical  illusion,  has  the  appearance  of  being 
red  hot.  Portions  of  the  negative  electrode  are  gradually  thrown 
off  in  the  form  of  fine  metallic  particles  as  the  experiment  is  con- 
tinued, and  the  wire  rises  considerably  in  temperature.  The  ap- 
pearance of  the  stratification  varies  greatly  with  the  modifications 
in  form  given  to  the  wires.  If  the  negative  wire  be  enclosed 
within  a  capillary  glass  tube  which  is  open,  and'  projects  beyond 
the  wire  for  an  eighth  of  an  inch,  or  a  little  more,  all  the  strati- 
fication disappears,  and  a  jet  of  light  escapes  from  the  open  end  of 
the  capillary  tube,  passing  down  the  exhausted  vessel. 
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These  stratified  bands  and  Inminoos  discharges  are  powerfully 
affected  by  the  magnet ;  if  the  n^ative  wire  be  undermost  in  one 
of  these  exhausted  tubes  suspended  rertically^  and  it  be  com* 
pletely  covered  with  a  stratum  of  mercury,  it  will  be  foimd  on 
causing  one  end  of  a  magnet  to  approach  the  termination  of  the 
luminous  bands  in  the  direction  of  the  axis  of  the  tube,  that  the 
stratification  will  become  modified,  and  will  present  an  appearance 
resembling  that  which  might  be  occasioned  by  stretching  a  spiral 
spring,  supposing  it  were  luminous ;  indeed,  by  suitable  mean8> 
the  discharge  may,  as  De  La  Rive  has  shown,  be  made  to  rotate 
around  the  magnetic  pole.  Pliicker  has  shown  that  the  light  firom 
the  negative  pole  is  also  specially  affected  by  the  magnetic  force, 
the  lines  of  light  becoming  parallel  to  the  magnetic  curves ;  and 
Gassiot  has  found,  that  by  arranging  a  tube  so  as  to  cross  the 
lines  of  magnetic  force  which  emanate  from  the  poles  of  a  powerful 
electro-magnet,  he  can  instantly  arrest  the  luminous  discharge  by 
magnetizing  the  electro-magnet ;  but  on  breaking  the  connexion 
of  the  magnet  with  the  battery,  the  discbarge  is  immediately 
renewed. 

The  phenomena  above  described  have  recently  attracted  a  large 
share  of  the  attention  of  electricians,  firom  their  intimate  con- 
nexion with  the  mode  in  which  the  electric  force  is  propagated 
and  transmitted  firom  point  to  point. 

The  stratified  light  produced  by  Ruhmkorff's  coil  is,  from  the 
nature  of  the  apparatus,  intermittent,  as  may  be  very  simply  and 
beautifiiUy  shown  by  attaching  one  of  the  vacuum  tubes  to  an 
axle  which  can  be  thrown  into  rapid  rotation,  the  two  arms  of  the 
tube  moving  like  spokes  of  a  wheel  upon  the  extremity  of  the 
axle.  In  this  arrangement,  one  extremity  of  the  tube  is  main- 
tained in  unbroken  contact  with  one  extremity  of  the  induction 
coil,  while  the  other  extremity  is  in  like  manner  connected  with 
the  other  end  of  the  induction  coil.  As  the  rotation  proceeds,  if 
the  experiment  be  made  in  a  darkened  room,  the  tube  will  be 
visible  momentarily,  several  times  during  each  rotation,  and  will 
produce  the  appearance  of  a  star  of  light,  each  arm  of  the  star 
exhibiting  distinct  stratified  bands,  and  appearing  to  be  stationary, 
owing  to  the  briefiiess  of  the  time  for  which  it  is  visible. 

It  was  supposed  that  these  phenomena  of  stratification  were 
connected  with  undulations  produced  by  the  rapidly  succeeding 
currents  of  the  induction  coil.  Gassiot,  however,  has  shown  that 
this  is  not  the  cause,  by  producing  the  stratified  appearance  from 
the  discharge  of  a  Leyden  jar  when  somewhat  prolonged  by  trans- 
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mitting  it  through  a  portion  of  wet  string ;  Quet  and  Segnin,  Irr 
charging  the  jar  feebly^  have  obtained  similar  effects  without  the 
use  of  the  wet  string.  Gassiot  also  obtained  them  directly  from 
the  water  battery  of  3500  cells  (299),  as  well  as  from  a  series  of 
400  carefully  insulated  small  pairs  of  Grove's  constraction^  and 
connecting  each  terminal  of  the  battery  with  onje  of  the  insulated 
wires  of  the  exhausted  tube.  A  beautifully  distinct  stratified 
discharge  was  produced^  which  was  not  arrested  hy  the  introdno- 
tion  of  a  voltameter  into  the  circuit.  The  quantity  of  electricitj 
thus  transmitted  is  so  small  that  the  amoimt  of  water  decompoeed 
is  barely  perceptible.  This  is,  therefore,  not  the  true  voltaic 
arc.  On  causing  the  terminals  of  the  Grove's  battery  in  die 
exhausted  tube  gradually  to  approach  each  other  till  within  about 
an  inch  and  a  half,  the  true  voltaic  arc  was  suddenly  established, 
and  an  immense  rise  of  temperature  instantly  occurred ;  but  the 
interesting  point  of  the  experiment  was,  that  the  arc  itself  wa« 
distinctly  seen  to  be  stratified. 

The  passage  of  the  electric  spark  through  compound  gases  or 
vapours  is  attended  with  a  partial  separation  of  their  components 
in  the  line  of  the  discharge.  But  the  experiments  of  Perrot  {Ann, 
de  Chimie,  III.  Ixi.  161)  appear  to  have  proved  that  the  spark 
from  RuhmkorflPs  coil  produces  in  addition  a  true  electrolytic 
decomposition  of  the  compound  vapour.  In  the  case  of  steam,  for 
example,  oxygen  appears  in  larger  quantity  at  the  positive  wire,  and 
hydrogen  in  excess  is  collected  at  the  negative ;  but  a  much  laj^r 
quantity  of  the  two  gases  is  evolved  than  is  due  to  true  electrolysis. 
Long  sparks,  if  transmitting  equal  amounts  of  electricity  in  equal 
times,  were  found  to  be  more  effectual  in  producing  decomposition 
than  small  ones.  In  synthetic  experiments,  on  the  combination  of 
oxygen  and  nitrogen  to  produce  nitric  acid,  it  was  found  that  long 
sparks  also  furnish  a  larger  quantity  of  acid  than  short  ones.  If 
the  length  of  the  spark  be  increased  in  any  given  circuit,  the  gain 
increases  only  up  to  a  certain  point,  the  resistance  offered  by  the 
length  of  the  interposed  stratum  of  air  beyond  this  point  di- 
minishes the  amount  of  electricity  which  circxdates,  to  an  extent 
which  more  than  counterbalances  the  gain  obtained  by  increasing 
the  length  of  the  spark. 

The  energy  of  the  secondary  induced  current  in  effecting  the 
combination  or  the  decomposition  of  gases  and  vapours,  is  much 
greater  than  that  of  the  ordinary  cylinder  or  plate  electrical 
machine.  The  interposition  of  a  condenser  into  the  induced  circuit 
augments  the  intensity  of  the  chemical  action  of  the  spark ;  but  it 
decreases  the  number  of  sparks  in  a  given  time,  so  that  if  the 
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spark  possess  sufficient  intensity  to  pass^  no  gain  in  the  amount  of 
the  body  decomposed  is  eflfected  by  the  use  of  the  condenser.* 

(313)  Inductive  Action  of  Currents — Henry's  Coils. — When 
the  connexion  between  the  plates  of  a  battery  is  made  by  means  of 
a  single,  long  straight  wire,  a  brilliant  spark  is  seen  at  the  moment 
that  the  contact  with  the  battery  is  broken;  but  when  the  con- 
nexion is  made  by  means  of  a  short  wire,  and  contact  is  broken, 
only  a  very  small  spark  is  produced.  When  a  long  wire  is  em- 
ployed, the  same  length  of  wire,  if  coiled  into  a  helix,  gives  a 
much  brighter  spark  than  when  it  is  used  merely  as  a  straight 
conductor.  The  brilliant  spark  which  is  observed  when  the  long 
wire  is  used,  is  produced  by  the  inductive  action  of  the  battery 
upon  the  electricity  of  the  wire  itself.  The  bright  spark  obtained 
from  the  battery  wire  on  breaking  contact  arises  fix)m  a  current 
which  is  transmitted  through  the  wire  in  the  same  direction  as  that 
from  the  battery  itself.  This  inductive  action  may  be  entirely 
diverted,  if  a  second  helix,  the  ends  of  which  are  in  metallic  com- 
munication with  each  other,  be  placed  either  within  the  primary 
coil  or  exterior  to  it. 

If  the  conducting  wire  be  coiled  into  a  helix  within  which  an 
iron  core  is  placed,  the  current  on  breaking  contact  acquires  suffi- 
cient intensity  to  communicate  a  powerful  shock,  when  the  ends 
of  the  wire  are  grasped  by  the  hand  at  the  moment  that  the  wire 
is  disconnected  with  the  battery,  although  the  battery  itself  may 
be  quite  inadequate  to  produce  any  shock  when  its  extremities  are 
connected  by  a  short  wire.  A  striking  experiment  of  this  kind  is 
related  by  Prof.  Jos.  Henry  [Phil,  Mag,  1840,  vol.  xvi.  p.  205). 
A  very  small  compound  battery  was  formed  of  six  pieces  of  copper 
bell- wire,  each  about  an  inch  and  a  half  long,  and  six  pieces  of 
zinc  of  the  same  size ;  the  current  which  this  arrangement  pro- 
duced was  transmitted  through  a  spool  of  copper  wire  covered 
with  cotton :  this  wire  was  5  miles  in  length,  and  -yV  of  an  inch 
in  diameter,  and  it  was  wound  upon  a  small  axis  of  iron.  The 
shock,  on  breaking  the  connexion  with  the  little  battery,  was  dis- 
tinctly felt  simultaneously  by  twenty-six  persons  who  had  formed 
a  circle  by  joined  hands,  and  who  completed  the  circuit  between 
the  two  ends  of  the  wire.  The  shock  which  was  felt  on  making 
contact  with  the  battery  was  barely  perceptible.  A  current  is 
produced  on  making  contact,  but  it   is  feeble,  and  in  a  direction 


*  Full  details  of  the  numerous  researches  made  by  Qaet  and  others  with 
B!ihmkor£r8  ooil  will  be  found  in  Du  MonceFs  Notice  sur  VAppardl  d^In- 
dueUon  Electrique  de  JBuhmkorff,  4th  edit. 
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the  reverse  of  that  emanating  from  that  battery.  £yen  a  theruh 
electric  battery  (317),  if  the  current  which  it  yields  be  transmitted 
through  the  coil,  will  furnish  sparks  on  breaking  contact. 

Heniy^  in  the  paper  above  referred  to^  has  made  some  interat* 
ing  observations  upon  the  action  of  the  battery  current  in  indodng 
secondary  currents.  He  employed  for  transmitting  the  primaij 
current  a  flat  coil  or  ribbon  of  ^eet  copper  about  93  feet  long  and 
1 1  inch  wide.  This  ribbon  was  sometimes  coiled  in  the  manner 
shown  at  a,  fig.  248,  sometimes  in  the  form  of  a  ring  as  shown  it 
b.  This  coil  was  combined  under  various  circumstances  with  other 
similar  coUs,  each  about  60  feet  long^  or  with  helices  of  fine  copper 
wire  of  various  lengths.  The  form  of  ribbon  is  a  very  advantageooi 
one^  as  it  ofiers  a  large  sectional  area  in  the  conductor^  and  tha 
diminishes  the  resistance^  whilst  the  different  layers  of  the  oofl  aie 
approximated  to  each  other  with  the  smallest  possible  intenralt 
between  them.  When  coiled  as  at  b,  and  a  helix  was  placed 
within  the  ring  so  formed^  each  time  that  the  current  from  die 
battery  through  the  ribbon  was  interrupted,  a  secondary  current  of 
considerable  intensity  was  obtained  in  the  helix :  the  helix  conld 
be  supported  upon  a  plate  of  glass  which  rested  upon  the  flat  coil, 
and  still  the  inductive  action  was  obtained ;  but  if  a  metallic  plate 
were  interposed  between  the  coil  and  the  helix,  no  secondary 
current  was  obtained  in  the  helix,  because  it  was  transferred  to 
the  interposed  conducting  plate. 

By  arranging  a  series  of  coils  in  the  manner  represented  in 
fig.  248,   Henry  succeeded  in  obtaining  a  succession  of  induced 


currents  by  their  mutual  action.  If  a  represent  the  coil  in  con- 
nexion with  the  battery,  b  and  c  are  arranged  to  form  a  continuous 
coil,  through  which,  by  induction,  a  momentary  current  is  pro- 
duced each  time  that  the  connexion  of  the  coil  a  with  the  battery 
is  broken ;  the  current  in  &  c  then  being  direct,  or  in  the  same 
direction  as  in  a.  Now  if  two  wire  helices  be  connected  together 
and  placed  as  at  £f  and  e,  the  induced  current  in  c  will  produce  a 
second  induced  current,  or  current  of  the  third  order,  m  d  e;  but 
this  current  will  be  in  the  opposite  direction  to  that  in  b  c.  If/ 
be  a  ribbon  coil  placed  above  e,  with  its  ends  united  by  a  small 
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helix  at  g,  a  third  current,  or  current  of  the  fourth  order,  will  be 
obtained,  but  it  will  be  in  the  opposite  direction  to  that  in  d  e. 
Thus  if  the  currents  be  compared  together,  they  will  be  in  the 
direction  following : — 

primaiy  current  (on  breaking) 
J,  c,       secondary  current     .     .     .     direct 
rf,  c,       current  of  the  third  order  .     inverse 
/,  g,       current  of  the  fourth  order,     direct. 

By  acting  upon  the  principle  just  explained,  and  careAilly  in- 
sulating the  coils,  currents  even  of  the  seventh  order  have  been  ob- 
tained, the  successive  currents  being  alternately  direct  and  inverse. 

Similar  currents  of  equal  amount,  but  of  lower  tension,  are 
obtained  each  time  that  the  primary  circuit  is  completed,  but 
the  direction  of  the  currents  in  this  case  is  reversed ;  thus  on  com- 
pleting the  primary  circuit  the  currents  would  be  as  follows : — 

a  primary  current  (on  making)  direct 

b,  c,  secondary    , inverse 

d,  e,  tertiary direct 

/,  g,  quaternary inverse ;  and  so  on. 

These  eflTects  are  produced  by  a  series  of  complicated  actions, 
which  admit  of  being  summed  up  as  follows  : — The  primary  cur- 
rent has  the  power  of  producing  two  induced  secondary  currents 
in  opposite  directions,  one  on  making,  the  other  on  breaking 
contact ;  these  currents  admit  of  being  separated  firom  each  other. 
They  are  equal  in  amount,  but  the  current  on  breaking  contact 
has  the  highest  tension,  and  will  traverse  the  greater  distance  in 
the  form  of  a  spark.  Each  secondary  current  in  &  c  may  give 
rise  to  two  opposite  tertiary  currents  in  d  c,  but  these  currents  are 
separated  by  an  interval  of  time  too  small  to  be  appreciated,  be- 
cause the  secondary  current  itself  is  instantaneous.  These  two 
tertiary  currents  are  equal  in  quantity,  but  differ  in  tension ;  the 
tertiary  current  produced  by  the  cessation  of  the  secondary  being 
the  stronger.  Again,  each  of  these  momentary  tertiary  currents 
is  in  its  turn  capable  of  developing  in  fg  two  opposite  quaternary 
currents,  equal  in  amount  but  differing  in  tension.  At  each  inter- 
ruption of  the  primary  current,  therefore,  we  have  one  instantaneous 
secondary  current  in  b  c,  two  tertiary  in  d  e,  and  four  quaternary 
ones  in  fg.  If  all  these  currents  were  equal  in  tension  as  well 
as  equal  in  quantity,  they  would  neutralize  each  other ;  but  since 
their  tension  is  not  equal,  a  series  of  phenomena  are  produced, 
owing  to  the  alternate  predominance  of  the  tension  of  the  currents 
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moving  in  one  direction  in  one  circuit,  and  in  the  opposite  direc- 
tion in  the  succeeding  circuit. 

Henry  has  shown  that  induced  currents  of  several  successive 
orders  may  also  be  obtained  by  the  momentary  passage  of  electri- 
city occasioned  by  the  discharge  of  the  Ley  den  jar. 

These  induced  currents  not  only  give  powerful  shocks,  but  they 
magnetize  steel  bars  and  produce  chemical  decomposition.  The 
latter  may  be  shown  by  interposing  acidulated  water  or  a  solution 
of  iodide  of  potassium  between  platinum  wires  which  are  in  con- 
nexion with  the  ends  of  the  coil.  It  is  easy  to  obtain  either  cur- 
rents of  high  intensity  such  as  those  required  to  produce  shocks, 
or  currents  of  large  quantity  such  as  would  be  required  for  mag- 
netizing steel  or  for  igniting  platinum  wire,  by  varying  the  diameter 
and  length  of  the  conductor.  When  a  long  thin  wire  was  em- 
ployed, as  by  uniting  the  two  helices  b&  hi  d  and  e,  a  current  of 
great  intensity,  producing  powerful  shocks,  was  obtained ;  but  this 
same  current  could  be  made  to  induce  in  the  flat  coil/  a  current 
of  greater  quantity,  but  of  less  intensity. 

Owing  to  these  variations  in  quantity  and  intensity,  the  inves- 
tigation of  the  laws  of  such  induced  currents  is  complicated  and 
difficult.  Abria  {Ann.  de  Chimie,  III.  i.  385,  and  iii.  5)  has  pub- 
lished some  careful  researches  upon  them,  but  additional  experi- 
ments are  still  needed. 

(314)  Araffo's  Rotations. — A  remarkable  exemplification  of  the 
facility  with  which  secondary  currents  are  induced  by  magnetic 
influence,  and  of  the  mutual  action  of  such  induced  currents,  is 
exhibited  by  the  following  experiments  of  Arago.  If  a  magnet  be 
suspended  freely  by  its  centre  in  a  horizontal  direction,  parallel  to 
a  circular  disk  of  copper  which  can  be  made  to  rotate  horizontally 
beneath  the  magnet,  it  will  be  found,  if  the  centre  of  suspension 
for  the  magnet  be  directly  over  the  axis  of  the  rotating  disk,  that 
when  the  disk  is  made  to  revolve  with  a  certain  degree  of  velocity 
the  magnet  begins  to  rotate  also  in  the  same  direction  as  the  disk ; 
and  the  more  closely  the  disk  and  the  magnet  are  approximated, 
the  more  rapid  is  the  rotation,  whilst  at  the  same  time  a  repulsive 
action  is  exerted  upon  the  magnet  in  a  direction  perpendicular  to 
the  plane  of  the  disk.  This  rotation  occurs  as  freely  when  a  sheet 
of  paper  or  of  glass  is  interposed  between  the  magnet  and  the 
metallic  disk,  as  when  air  only  intervenes.  Disks  of  other  metals 
by  their  rotation  also  produce  this  efiect  upon  the  magnet,  but 
none  of  them  show  it  so  readily  as  copper ;  the  facility  with  which 
the  effect  is  produced  being  directly  as  the  power  of  the  rotating 
disk  to  conduct  electric  currents.     K  a  narrow  strip  be  cut  out  of 
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the  metallic  disk^  extending  fix)m  its  circumference  to  the  centre^ 
no  motion  will  be  produced  in  the  magnet  when  the  disk  is  made 
to  revolve ;  but  if  the  cut  edges  of  the  divided  disk  be  connected 
by  soldering  a  piece  of  wire  across  the  division,  the  rotation  may 
be  effected  as  readily  as  when  the  disk  was  entire.  From  causes 
similar  to  those  which  produce  the  foregoing  results,  it  is  found 
that  if  a  magnetic  needle  or  a  bar  magnet  be  set  vibrating  parallel 
to  the  surface  of  a  disk  of  copper,  it  will  come  to  rest  much  more 
speedily  than  if  vibrating  over  paper  or  glass. 

These  effects  were  first  satisfactorily  explained  by  Faraday ;  he 
found  that  whenever  a  piece  of  conducting  matter  is  made  to  pass 
either  before  a  single  pole  or  between  the  opposite  poles  of  a 
magnet  so  as  to  cut  the  magnetic  curves  at  right  angles,  electrical 
currents  are  produced  across  the  metal,  transverse  to  the  direction 
of  motion.     For  example,  let  the  copper  disk  c,  fig.  249,  be  made 

Fio.  349. 


to  revolve,  in  the  direction  of  the  arrows  on  the  circumference, 
between  the  poles,  n  «,  of  a  horse-shoe  magnet,  and  let  a  wire,  to, 
which  is  connected  with  one  end  of  the  galvanometer,  g,  be  pressed 
against  the  centre  of  the  disk,  whilst  the  other  wire  w'  from  the 
galvanometer  rests  against  the  edge  of  the  disk  between  the  mag- 
netic poles.  Under  these  circumstances,  a  current  will  be  found 
to  flow  from  the  centre  towards  the  circumference  of  the  disk,  c, 
and  then  through  the  wires,  as  shown  by  the  arrows.  If  the  disk 
be  made  to  revolve  in  the  opposite  direction,  the  current  will  flow 
from  the  circumference  towards  the  centre  of  the  disk.  Currents 
may  also  be  obtained  from  any  of  the  forms  of  the  apparatus  which 
exhibit  the  rotation  of  magnets  round  a  conducting  wire,  or  of  the 
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wire  roiind  the  magnet^  if  a  galyanometer  be  substituted  for  the 
battery,  and  if  the  magnet  or  the  wire  be  made  to  revolve  by  hani 

Now  let  us  suppose  that  in  Arago^s  ex- 
Fio.  250.  periment  we  are  looking  down  upon  the  re- 

volving dbk,  e,  fig.  250  j  when  the  disk  re- 
volves beneath  the  magnet,  it  cuts  the  mag- 
netic  curves  at  right  angles;  currents  are 
I  produced  underneath  the  north  pole,  from 
the  centre  of  the  plate  towards  the  circum- 
ference, a,  beyond  the  pole :  these  currents 
occur  in  the  opposite  direction — ^viz.,  ttom 
the  circumference  to  the  centre,  underneath 
the  south  pole,  and  thus  traverse  the  diameter  of  the  plate  parallel 
to  the  magnet,  returning  by  the  more  distant  parts  of  tlie  plate, 
as  shown  by  the  dotted  arrows.  Such  currents  necessarily  exert 
a  repulsive  action  upon  the  magnet  in  a  direction  which  coincides 
with  that  in  which  motion  is  observed,  and  no  currents  are  ob- 
tained until  either  the  magnet  or  the  plate  is  set  in  motion. 

(315)  MagnetO'Electric  Machines, — ^Various  machines  have 
been  contrived  for  the  production  of  magneto-electric  currents. 
The  most  convenientof  these  is  Saxton's  Magneto-Electric  Machine. 
It  is  represented  in  fig.  251,  in  perspective;  fig.  251  shows  a 
section  of  the  coils  and  armature  on  a  larger  scale.  It  consists  of 
a  powerAil  horse-shoe  magnet,  m,  placed  horizontally  upon  one  of 
its  sides :  in  front  of  its  ends  or  poles,  and  as  close  to  them  as  is 
possible  without  producing  actual  contact,  an  armature  of  soft 
iron,  a  &,  is  made  to  revolve  upon  a  horizontal  axis,  a,  which  ad- 
mits of  being  turned  by  means  of  a  strap  passing  over  a  multi- 
plying wheel,  w.  This  armature  consists  of  two  straight  pieces  of 
iron,  about  two  inches  in  length,  which,  by  means  of  a  crosspiece 
of  iron,  x,  are  connected  together  parallel  to  each  other,  at  such  a 
distance  that  they  shall  be  opposite  the  middle  of  each  pole  of  the 
horse- shoe  magnet.  Around  each  limb,  c,  d,  of  the  armature,  a 
long  fine  copper  wire,  covered  with  silk  to  insulate  the  coils  from 
each  other,  is  wound  in  several  successive  layers.  The  correspond- 
ing  ends  of  each  of  these  helices  are  connected  together;  one  pair, 
ef,  is  soldered  to  the  spindle,  a,  on  which  the  armature  rotates, 
and  through  it  is  connected  with  a  circular  copper  disk,  t,  the  edge 
of  which  dips  into  a  cup  of  mercury,  m,  whilst  the  other  pair  of 
wires,  ff,  h,  is  connected  with  a  stout  piece  of  copper  which  passes 
through  the  axis  of  the  spindle,  8,  from  which  it  is  electrically 
insulated,  and  terminates  in  a  slip  of  copper,  k,  placed  nearly  at 
right  angles  to  the  crosspiece^  x^  which  connects  the  two  limbs  of 
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the  soft  iron  armature.     Beneath  the  slip  of  copper,  *,  is  a  second 
mercury  cup,  I,  which  can  be  made  to  commuoicate  with  the  cup, 

Fio.  351. 


m,  either  by  a  wire,  or  by  some  other  conductor  of  the  current. 
The  arms  of  the  slip,  k,  alteruately  dip  into  the  mercury,  and  rise 
above  it,  and  the  points  of  contact  are  so  arranged  that  the  circuit 
(which,  when  I  and  m  are  properly  connected,  is  complete  so  long 

Fia.  353. 


as  A  is  beneath  the  mercury)  shall  he  broken  at  the  time  that  the 
armature  loses  its  magnetism.  Under  these  circumstances  a  bright 
spark  is  obtained  each  time  that  the  slip  it  quits  the  mercury. 
Four  currents  are  therefore  produced  iu  the  wire  surrounding  the 
armature  during  each  complete  revolution,  two  successive  currents 
being  in  one  direction,  and  the  two  others  being  in  the  opposite 
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direction.  Suppose^  for  example^  that  the  limb^  c,  of  the  arma- 
ture is  opposite  the  marked  pole  of  the  steel  magnet ;  if  now  it  be 
made  to  recede  from  this  pole  a  current  will  be  produced  in  a  given 
direction^  through  the  coil  which  surrounds  this  limb^  and  on  the 
approach  of  the  same  limb  towards  the  unmarked  end  of  the 
magnet^  a  second  current  will  be  produced  in  the  same  direction 
through  the  coil ;  a  third  cuiTcnt  will  be  produced,  but  in  a 
reversed  direction,  as  the  limb  c  leaves  the  unmarked  end  of 
the  magnet,  whilst  a  fourth  current  will  be  produced  on  the 
approach  of  the  limb  c  to  the  marked  pole  of  the  magnet,  and  will 
coincide  with  the  reversed  direction  of  the  third  current.  If 
the  connexion  between  the  mercury  cups,  /  and  wi,  be  eflFected  by 
grasping  with  the  hands  two  copper  cylinders,  h  h,  each  of  which 
by  means  of  a  wire  is  in  connexion  separately  with  one  of  the 
cups,  a  succession  of  powerfiil  shocks  will  be  experienced.  Aci- 
dulated water  and  many  saline  solutions  may  be  decomposed  if 
these  currents  be  transmitted  through  them ;  but  in  order  to  pro- 
duce polar  decomposition,  it  is  necessary  to  suppress  or  turn  up 
one  of  the  points  of  the  slip  k,  and  thus  to  lose  half  the  power  of 
the  machine ;  otherwise  the  currents  at  each  half  revolution  are  in 
opposite  directions. 

In  the  construction  of  these  magneto-electric  machines,  great 
care  must  be  taken  that  the  insulation  of  the  coils  is  very  perfect 
DiflFerent  eflTects  are  obtained  from  such  a  machine  by  varying  the 
length  and  the  diameter  of  the  wire  which  is  wound  around  the 
armature.  When  currents  of  high  intensity  are  required,  such  as 
those  needed  for  giving  shocks,  or  for  the  decomposition  of  electro- 
lytes, a  great  length  of  thin  wire  is  preferable ;  but  a  much  smaller 
length  of  thicker  wire  will  give  the  largest  sparks,  and  will  ignite 
the  greatest  length  of  fine  platinum  wire.* 

Wheatstone  and  others  have  contrived  magneto-electric 
machines,  by  which  a  continuous  electric  current  in  a  uniform 
direction  may  be  kept  up  for  any  length  of  time.  These  batteries 
are,  in  fact,  combinations  of  several  simple  machines,  similar  in 
principle  to  Saxton^s ;  the  coils  are  connected  together  so  as  to 
form  a  continuous  circuit.  The  armatures  are  so  arranged  that 
each  shall  in  turn  become  magnetic,  just  before  the  preceding 
armature  has  entirely  lost  its  magnetism.     By  this  contrivance, 


*  A  machine  upon  this  principle  has  been  contrived  by  Wheatatone  for 
exploding  charges  of  gun[K>wder,  when  provided  with  Abel's  magnet  Aue, 
which  seems  to  leave  little  to  be  desired  in  simplicity,  oerttunty,  and 
facility  of  application.  {Report  to  Secretary  for  Wart  Wheatstone  ana  Abel, 
Nov.,  i860.) 
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the  current  is  made  to  commence  in  one  coil  before  it  has  ceased 
in  the  coil  which  immediately  precedes  it. 

Magneto-electric  machines  are  now  used  in  Birmingham  on  a 
large  scale^  as  a  substitute  for  the  voltaic  battery  in  processes  of 
electro-silvering  and  electro-gilding.  A  single  Saxton's  machine 
will^  if  kept  in  continuous  revolution^  precipitate  from  ^ojio  120 
ounces  of  silver  per  week  from  its  solutions :  and  machines  have 
been  constructed  by  which  2^  ounces  of  silver  per  hour  have 
been  deposited  upon  articles  properly  prepared  for  this  mode  of 
plating. 

Mr.  Holmes  has  succeeded^  by  the  use  of  a  powerful  magneto- 
electric  machine^  in  producing  a  light  of  great  steadiness  and 
intensity  between  two  points  of  gas  coke :  this  light  can  be  main- 
tained without  interruption  so  long  as  the  magnets  are  kept  in 
rotation^  and  the  charcoal  continues  unconsumed. 

The  machine  consists  of  48  pairs  of  compound  bar  magnets^ 
arranged  in  6  parallel  planes,  so  as  to  form  a  large  compound  wheel, 
between  which  the  armatures,  160  in  number,  are  arranged  in  5 
sets,  the  total  amount  of  wire  being  about  half  a  mile  in  length. 
The  wires  are  insulated  by  cotton,  and  the  contacts  are  so  arranged 
as  to  maintain  a  continuous  current  in  the  same  direction,  varying 
firom  a  maximum  to  exactly  half  the  amount  of  the  maximum,  in 
rapid  succession.  The  steel  bars  weigh  about  i  ton,  and  the  wheel 
is  made,  by  the  aid  of  a  small  steam  engine,  to  revolve  with  a 
rapidity  varying  from  150  to  250  times  per  minute.  This  light 
was  for  several  months  in  successful  operation  at  the  South  Fore- 
land Lighthouse,  and  subsequently  at  Dungeness,  the  actual 
expense  of  fuel  in  working  the  engine  being  about  equal  to  that 
of  the  oil  formerly  used,  while  the  light  is  far  more  brilliant. 

§  VI.     Thermo-Electricity. 

{316)  The  phenomena  due  to  the  development  of  electricity  by 
heat  are  arranged  under  the  head  of  thermo-electricity, — a  term 
which  serves  to  recal  to  mind  the  manner  in  which  the  force  ori- 
ginates in  these  cases.  The  present  section  contains  a  summary 
of  the  more  important  &cts  which  have  been  ascertained  on  this 
subject. 

As  any  obstruction  to  the  passage  of  the  electric  current  in  a 
conductor  occasions  the  development  of  heat,  so  any  obstruction  to 
the  equal  propagation  of  heat  in  a  conducting  circuit  produces  a 
current  of  electricity.  This  important  result  was  first  obtained  by 
Seebeck,  in  the  year  1822. 

If  the  extremities  of  the  wire  of  a  sensitive  galvanometer  be 
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united  by  means  of  a  straight  piece  of  platinum  wire,  this  wire 
may  be  heated  at  any  point  at  a  distance  from  its  connexions  with 
the  galvanometer  wire,  without  producing  a  current  through  the 
circuit ;  but  if  the  platinum  wire  be  twisted  into  a  loop^  its  mole- 
cular tension  at  this  point  is  slightly  altered^  and  if  heat  be  applied 
to  the  jirire  close  to  the  loop  and  to  the  right  of  it,  a  current  will 
flow  through  the  apparatus  from  right  to  left,  owing  to  the  in- 
equality of  the  conducting  power,  and  the  disturbance  of  regularity 
in  the  transmission  of  the  force  from  the  hotter  to  the  colder 
portions.  These  eflfects  are  still  more  readily  produced  by  diyiding 
the  wire  into  two  portions,  and  coiling  each  extremity  into  a  flat 
spiral.  If  one  of  these  spirals  be  heated  to  redness^  and  be 
brought  into  contact  with  the  cold  spiral,  deflection  of  the  needle 
immediately  follows,  in  a  direction  which  indicates  the  flow  of  a 
current  from  the  hotter  to  the  colder  portion.  Metals  such  as 
bismuth  or  antimony,  in  which  a  crystalline  structure  is  strongly 
developed,  but  which  possess  an  inferior  power  of  conducting  elec- 
tricity, display  these  thermo-electric  phenomena  in  a  more  perfect 
degree.  If  one  half  of  a  ring  or  rectangular  frame  composed  of 
either  of  these  metals  be  heated,  and  the  other  half  be  kept  cool, 
a  current  sufficient  to  deflect  a  magnetic  needle  suspended  within 
the  frame  or  ring,  will  be  produced.  Metals  which  are  better 
conductors,  such  as  copper  or  silver,  although  they  also  show  the 
phenomena,  exhibit  it  much  less  distinctly. 

Prof.  W.  Thomson  has  shown  that  if  portions  of  a  metaUic 
wire  be  stretched  by  weights,  and  be  connected  with  other  portions 
of  the  same  wire  not  so  stretched,  on  applying  heat  to  their  junc- 
tions, a  current  is  produced  from  the  stretched  to  the  unstretched 
wire  through  the  heated  point. 

If  the  rectangle  be  composed  of 
Fi<>'  253.  two  dissimilar  metals,  as  when  a  bar 

^^  of  antimony,  a  a,  fig.  253,  is  soldered 

to  a  bar  of  bismuth,  b  b,  the  appU- 


^^ 


^m!f^$m$i^$^ 


■L^____J        cation  of  heat,  such  as  the  flame  of 

a  spirit  lamp,  to  one  of  the  junctions 
will  cause  deflection  of  the  suspended 

needle,  ns.    A.  bar  of  bismuth  when 

^  soldered  to  a  copper  wire,  will  readily 
"^"^^  deflect  the  needle  of  a  galvanometer 
of  moderate  sensibility,  if  even  the  warmth  of  the  hand  only  be 
applied  to  one  of  the  junctions.  The  earlier  researches  upon  this 
subject  appeared  to  show  that  so  long  as  the  resistances  in  the  cir- 
cuit continue  unchanged,  the  amount  of  force  in  circulation  is  exactly 
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proportioned  to  the  diflferenee  in  temperature  of  the  two  junctions. 
Bccquerel,  relying  upon  the  accuracy  of  this  datum^  has  applied  a 
thermo-electric  pair  of  metals  to  the  measurement  of  temperature. 
Amongst  other  experiments,  he  endeavoured  to  ascertain  the  tem- 
perature of  flames  ;  the  metals  which  he  employed  were  thin  wires 
of  platinum  and  palladium ;  the  junction  of  the  wires  was  intro- 
duced  into  different  parts  of  the  flame  which,  as  might  be  supposed, 
were  found  to  vary  considerably  in  temperature.  The  proportionality 
of  the  current  to  the  temperature,  however,  only  holds  good  with 
those  non-crystaUine  metals  which  do  not  oxidize  when  powerfully 
heated :  and  even  these  are  liable  to  irregularity,  so  that  the  de- 
termination of  temperatures  by  this  means  must  not  be  relied  on 
without  special  verifications,  which,  at  high  temperatures,  can 
scarcely  be  effected  with  accuracy.  For  small  differences  of  tem- 
perature, however,  the  thermo-electric  pair  or  pile  (317)  surpasses 
in  sensitiveness  all  other  thermometric  means  at  present  in 
use. 

If  one  of  the  junctions  of  a  thermo-electric  pair  be  maintained 
steadily  at  a  low  temperature,  such  as  32°,  whilst  the  temperature 
of  the  other  junction  is  gradually  raised,  it  happens  with  some 
combinations,  that  the  current  increases  in  intensity  up  to  a  certain 
point,  then  declines^  and  is  reversed ;  in  the  case  of  zinc  and  silver, 
the  rise  continues  up  to  248°  F. ;  then  the  current  declines,  be- 
comes null,  and  ultimately  is  reversed,  as  the  temperature  con- 
tinues to  rise.  Most  probably  this  is  due  to  the  peculiar  effect 
which  heat  has  upon  the  crystalline  structure  of  zinc.  Iron  and 
antimony  exhibit  the  same  effect,  but  to  a  less  marked  extent ; 
and  Thomson  has  extended  the  observation  to  a  number  of  other 
metals.  So  important  is  the  crystalline  structure  in  these  ar- 
rangements, that  the  thermo-electric  power  of  bismuth  is  very 
materially  reduced  by  the  addition  of  a  small  per-centage  of  tin, 
which  impairs  its  tendency  to  crystallize.* 

It  may  indeed  be  stated  that  when  two  dissimilar  metals  are 
connected  in  any  way  so  as  to  produce  a  closed  circuit,  an  electric 
current  is  established  each  time  that  any  difference  in  temperature 


*  An  important  connexion  between  the  direction  of  the  planea  of  cleavage 
and  the  direction  of  the  thermo-electric  corrent  in  crystalline  metals  waa 
shown  to  exist  by  Svanberg.  In  bismuth  and  in  antimony,  for  example,  there 
is  one  particular  plane  of  cleavage  endowed  with  greater  brilliancy  than  the 
rest.  Bars  of  these  metals,  when  placed  with  this  plane  of  cleavage  perpen- 
dicular to  the  direction  of  the  current,  are  more  highly  negative  than  whem 
I>laoed  in  any  other  position ;  whilst,  if  a  second  plane  of  cleavage,  somewhat 
ess  brilliant  than  the  former,  be  placed  across  the  line  of  current,  the  bar  ii 
more  highly  positive,  thermo-electrically,  than  in  any  other  position. 
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IB  produced  between  the  two  points  of  contact ;  and  the  cmTent  is 
maintained  so  long  as  the  difference  of  temperature  oontinnes. 

The  metals  may  be  arranged  in  the  following  thenno-decttic 
order : — 


Bismuth 
Platinum 
Lead 
Tin 


Copper  and  SilTcr 

Zinc 

Iron 

Antimony. 


When  heated  together^  the  current  proceeds  fiom  those  whkl 
stand  last  on  the  list  towards  those  which  precede  them.  It  is  to 
be  remarked  that  the  thermo-electric  order  of  the  metals  is  entirdj 
different  from  their  voltaic  order.*  According  to  the  experiments 
of  Wheatstone  and  Pouillet^  who  have  arrived  at  the  same  result 
bjr  very  different  methods^  the  electro-motive  force  of  a  pair  d 
bismuth  and  copper^  when  one  junction  is  maintained  at  212° 


*  Matthiessen  has  published  (Phil,  Trans^  1858)  the  results  of  a  caiefil 
series  of  experiments  upon  the  tnenno*e]ectric  order  and  energy  of  vaziosi 
bodies,  for  temperatures  usually  ranging  between  about  40^  ana  100^  F.  If 
the  electro-motive  force  of  the  thermoelectric  current  excited  between  siher 
and  copper  be  taken  as  equal  to  1  (the  current  passing  from  the  sOrer  to  tbe 
copper  at  the  heated  junction),  the  force  of  the  current  between  aUver  and 
each  metal  in  succession  heated  to  the  same  point,  will  be  represented  br  ths 
numbers  given  in  the  following  table.  Where  the  positive  sign  is  prefixed, 
the  current  is  from  the  silver  to  the  other  metal  at  the  heated  junctioa; 
when  the  negative  sign  is  prefixed,  the  current  is  from  the  other  metal  at  the 
heated  point  towards  the  silver.  The  substances  marked  with  an  asterisk  are 
supposed  to  have  been  chemically  pure : — 

ThermO'Electrtc  Order  of  Meials,  ifc. 


Bismuth,commercial,  press- 
eo  wire  ••*     ■•■     ...     ■•• 

♦Bismuth,  pressed  wire     ... 

♦Bismuth,  cast    

Crystallized  bismuth,  axial 
Crystal  of  bismuth,  equa- 

i  vxinx         ...       ...       ...       •■• 

V>OuBlv.  •■       «•■       ...       •••       ... 

Potassium 

Nickel 

Palladium 

Sodium      

♦Mercury     

Aluminum 

Magnesium  

♦Lead,  pressed  wire 

♦Tin,  pressed  wire     

Copper  wire      

Platinum   ..«     •• 

Iridium      

♦Antimony,  pressed  wire  ... 
♦Silver 


+ 
35-81 

32*9' 
24'96 

2459 

iri7 
§•97 

5'49 

S'02 

3*56 

3094 

2524 
1-283 

1175 
1*029 

I'OOO 
I'OOO 

0733 
0163 

0*036 
o* 


'  Gas  coke,  hard 

♦Zinc,  pressed  wire    

♦Copper  voltaic 

♦Cadmium 

Antimony,  pressed  wire  ... 

Strontium 

Lithium     

♦Arsenic      

Calcium     ...     

Iron,  piano  wire       

Antimony,  axial        

Antimony,  equatorial 

♦Red  phosphorus        

♦Antimony,  cast 

Alloy,  12  bismuth,  i  tin,  cast 

Alloy,  2  antimony,  i  zinc, 

CM»W...  ...  ...  .«.  »»m 

♦Tellurium 

♦Selenium    


••• 


OP57 

0-208 

0244 
0*332 

1*897 
2*028 

3-828 
4*260 
5218 
6965 

9*435 
9*600 

9*871 
i3'67 

22*70 
179-8 
290*0 
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and  the  other  at  33°  ¥.,  is  ^  of  that  exerted  between  a  pair  of 
copper  and  zinc  plates  arranged  in  voltaic  relation,  as  in  Daniell's 
battery. 

Thermo-electric  circuits  may  also  he  formed  with  inferior  con- 
ductors. Nohili  brought  the  point  of  a  heated  cone  of  porcelain 
clay  into  contact  with*  a  cold  cylinder  of  the  same  material,  each 
connected  with  the  galvanometer  by  cotton  soaked  in  a  conducting 
liquid :  the  current  passed  irom  the  cone  to  the  cylinder. 

(317)  Tkermo-Multiplier. — By  connecting  together  succeswve 
pairs  of  two  different  metals,  and  heating  the  alternate  joints, 
whilst  the  other  junctions  are  kept  cool,  a  thermo-electric  battery 
may  be  constructed.  The  size  of  the  elements  vhich  are  employed 
contributes  nothing  to  the  effect,  except  so  far  as  by  increasing  the 
area  of  the  conducting  section,  the  conducting  power  of  the  circuit 
is  increased.  Such  a  battery  will  decompose  a  solution  of  iodide 
of  potassium,  and  Botto  states  that  with  a  pile  consisting  of  100 
pairs  of  platinum  and  iron  v'vtB,  each  i  inch  long  and  xir  ^ 
an  inch  in  diameter,  he  succeeded  in  decomposing  even  diluted 
sulphuric  acid.  A  thermo-electric  current  from  a  single  pair  ia 
sufficient  to  convulse  the  limbs  of  a  frog.  The  principle  of  the 
arrangement  by  vhich  a  ihermo-muUiplier  or  thermo-electric  bat- 
tery may  be  constructed  is  shown  in  fig.  254 ; 
to  one  series  of  junctions,  a  high  tempera- 
-  ture,  to  the  other  a  low  temperature  may  be 
applied ;  the  shaded  bars,  a,  represent  bars 
of  antimony,  those  in  outline,  b,  indicate 
bare  of  bismuth.  The  intensity  of  such  a  m 
current,  however,  is  comparatively  feeble, 
and  the  resistance  which  it  experiences  in 
traversing  even  metallic  conductors  of  con- 
siderable diameter,  such  as  the  metallic  bars 
themselves  which  are  used  in  the  construc- 
tion of  the  battery,  seriously  reduces  its 
power.  A  very  cheap  and  effective  thermo- 
electric pile  may  be  made  of  wires  of  iron 
and  German-silver.  Nobili  and  Melloni  applied  a  thermo-electric 
battery,  consisting  of  36  pairs  of  small  bars  of  bismuth  and  anti- 
mony, to  thermometric  purposes.  Such  a  battery  was  employed 
by  Melloni,  in  his  invcBtigations  on  radiant  heat^  to  the  exclusion 
of  almost  every  other  thennoacopic  means.  "When  the  alternate 
junctions  of  the  bars  at  each  end  of  the  pile  were  covered  with 
lampblack,  a  coating  was  obtained  which  absorbed  the  radiations 
proceeding  &om  a  euiiace  the  temperature  of  which  vae  much 
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below  that  of  the  human  body ;  even  the  amount  of  radiant  heat 
emitted  by  insects  could  be  estimated  by  connecting  this  battery 
with  a  galvanometer  of  extreme  sensitiveness.* 

The  conducting  power  of  red  phosphorus  and  of  selenium  is 
so  slight  that  neither  of  them  can  be  used  for  the  construction  of 
thermo-electric  piles:  that  of  tellurium  is  also  small^  but  it  is 
sufficient  to  admit  of  its  use,  and  its  electro-motive  power,  when 
opposed  thermo-electrically  to  bismuth,  is  so  great,  that  a  pile 
consisting  of  8  pairs  of  these  elements,  where  the  alternate  junc- 
tions are  heated  to  aia°,  whilst  the  others  are  cooled  to  32°,  will 
decompose  a  solution  of  sulphate  of  copper ;  and  Matthiessen  esti- 
mates the  electro-motive  force  of  icx>  pairs  of  such  a  pile  as  equal 
to  that  of  4  cells  of  Daniell's  arrangement. 

(318)  In  connexion  with  these  thermo-electric  effects,  a  curious 
observation  was  made  by  Peltier  {Ann.  de  Chimie,  II.  Ivi.  379,  and 
Ixxxi.  301) : — when  a  weak  current  of  electricity  was  transmitted 
through  a  compound  bar  of  bismuth  and  antimony,  from  the  anti- 
mony to  the  bismuth,  as  in  No.  i,  fig. 
255,  a  thermometer,  placed  at  the  point 
of  junction,  was  observed  in  one  expe- 
riment to  rise  80°  F.,  but  when  the 
current  was  reversed,  as  in  No.  2,  the 
temperature  fell  6°'5  F.  In  some  later 
experiments,  Peltier  succeeded  even  in 
freezing  water  placed  in  a  cavity  drilled 
at  the  point  of  junction  of  the  two 
metals,  when  the  bar  was  cooled  to  32^ 
by  immersion  in  snow.  When  feeble 
currents  of  equal  intensity  are  trans- 
mitted through  a  compound  metallic  bar,  whatever  metals  be 
employed,  there  is  a  difference  in  the  temperature  at  the  points  of 
junction,  according  to  the  direction  in  which  the  current  is  passing ; 
the  amount  of  the  difference  of  temperature  varying  with  the 
metals  which  are  used.  The  rise  of  temperature  occurs  almost 
uniformly  when  the  current  passes  through  the  two  metals  in  the 
same  direction  as  that  in  which  the  thermo-electric  current  would 
be  produced  by  elevation  of  temperature.t     For  example,  there  is 


*  Melloni  used  a  galvanometer  formed  of  copper  wire  ^  of  an  indi  in 
diameter,  about  8  yards  long,  and  arranged  arouna  the  astatic  needles  in  40 
convolutions.  Much  of  the  sensitiveness  of  the  instrument  depends  upon  the 
exact  equality  of  the  magnetization  of  the  two  needles :  the  compound  needle 
should  require  from  55  to  60  seconds  in  order  to  complete  an  oscillation. 

f  An  exception  is  presented  in  the  case  of  lead  and  copper,  and  tin  and 
copper,  in  which  the  current  is  towards  the  copper  from  the  heated  metaL 


Animal  ELBCfBiciTY — the  torpedo.  553 

a  rise  of  temperature  when  the  current  passes  from  iron  to  zinc, 
from  iron  to  platinum,  from  iron  to  copper,  from  zinc  to  copper, 
fix)m  copper  to  bismuth,  and  from  antimony  to  copper ;  but  when 
the  current  is  reversed  between  the  same  pairs,  there  is  either  a 
much  smaller  elevation,  or  in  some  cases  even  an  actual  depression 
of  temperature.  This  subject  has  been  discussed  at  great  length 
by  Clausius  and  by  Thomson,  in  their  researches  on  the  mechanical 
theory  of  heat. 

§  VII.  Animal  Electricity. 

(319)  Some  fish,  particularly  the  torpedo,  and  the  electrical 
eel  [Gymnotus  electricus)  have  the  remarkable  power  of  giving  elec- 
trical shocks  at  pleasure,  by  means  of  an  apparatus  specially  adapted 
to  the  purpose. 

The  torpedo,  which  is  a  species  of  ray,  is  a  flat  fish,  tolerably 
abundant  in  the  Mediterranean ;  it  is  provided  with  two  electrical 
organs  situated  one  on  each  side  of  the  spine,  near  the  head,  occu- 
pying the  whole  thickness  of  the  fish ;  these  organs  are  supplied 
with  large  thick  nerves ;  and  it  has  been  found  that  on  cutting 
these  nerves  all  voluntary  electric  power  ceases :  but  according  to 
Matteucci,  the  irritation  of  that  end  of  the  cut  nerve  which  is 
attached  to  the  organ  in  a  lively  torpedo  occasions  the  electric 
discharge,  and  even  irritation  of  detached  portions  of  the  organ 
produces  contraction  in  the  limb  of  a  frog  recently  killed,  if  the 
crural  nerve  of  the  frog  be  allowed  to  rest  upon  the  organ  of  the 
torpedo.  The  structure  of  the  electrical  organs  is  gelatinous,  and 
the  material  is  divided  by  membranous  septa  into  400  or  500 
columns,  which  have  some  resemblance  to  grains  of  rice  in  appear- 
ance ;  these  columns  run  from  the  dorsal  to  the  ventral  surface  of 
the  fish,  and  are  about  the  thickness  of  a  goose-quill ;  the  dorsal 
surface  is  positive,  the  ventral  negative.  The  electricity  is  most 
strongly  developed  just  at  the  points  where  the  nerves  enter  the 
organ ;  a  powerful  shock  is  received  on  simultaneously  touching  the 
back  and  the  belly  of  the  fish  at  any  part,  but  the  shock  obtained 
is  strongest  immediately  over  the  two  organs.  A  weaker  shock  is 
experienced  on  touching  different  parts  even  of  the  same  surface, 
since  the  electric  charge  differs  in  intensity  at  different  points  of 
the  same  surface.  Frequent  discharges  exhaust  the  animal  quickly : 
the  frequency  of  this  discharge  is  under  the  control  of  the  animal, 
but  not  its  direction.  The  electric  discharges  of  the  torpedo  are 
partly  dissipated  when  the  fish  is  immersed  in  water  by  the  con- 
ducting power  of  this  liquid,  and  Matteucci  estimated  that  in  air 
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the  shock  given  by  the  animal  is  fbnr  times  as  powerful  as  when 
it  is  in  water. 

(320)  In  the  gymnotus,  which  is  a  fresh- water  fish,  tolerably 
abundant  in  the  marshes  of  Surinam,  and  in  the  tributaries  to  the 
Orinoco,  there  are  four  electrical  organs,  a  large  and  a  small  one 
on  each  side,  running  from  the  head  to  the  tail  of  the  animal* 
These  organs,  like  those  of  the  torpedo,  are  supplied  with  large 
nerves,  and  have  a  membranous  structure,  the  septa  running  in  a 
more  or  less  longitudinal  direction  from  the  head  towards  the  tail. 
The  longer  the  column  that  produces  .the  shock,  the  greater  is  the 
force  of  the  electric  discharge :  the  anterior  portions  of  this  animal 
are  positive  to  the  posterior,  so  that  the  strongest  shocks  are  ob- 
tained by  touching  the  fish  simultaneously  near  the  head  and  near 
the  tail;  but  shocks  more  or  less  intense  may  be  obtained  from 
any  part  of  the  body,  if  the  hands  be  separated  for  a  short  distance 
in  the  direction  of  the  head  and  tail  of  the  animal ;  scarcely  any 
shock  is  felt  if  the  hands  be  placed  one  on  each  side  of  the  fish  at 
the  same  distances  from  the  head  or  the  tail.  So  great  is  the 
electric  energy  of  the  animal,  that  the  specimen  which  was  exhi- 
bited in  the  Adelaide  Oallery,  40  inches  in  length,  was  calculated 
by  Faraday,  at  each  medium  dischai^e,  to  emit  as  great  a  force  as 
the  highest  discharge  of  a  Ley  den  battery  of  fifteen  jars,  exposing 
3500  square  inches  of  coated  surface.  Shocks  difiering  in  intensity 
with  the  position  of  the  observer  and  his  distance  from  the  fish, 
were  felt  in  all  parts  of  the  tub  which  contained  it ;  this  tub  was 
46  inches  in  diameter.  The  shocks  from  the  gymnotus  have  power 
sufficient  to  kill  or  to  stun  fish :  the  same  discharge  produces  a 
more  powerful  efiect  upon  a  large  fish  than  it  does  upon  a  small 
one,  since  the  larger  animal  exposes  a  larger  conducting  surfiu^ 
to  the  water  through  the  mass  of  which  the  electricity  is  passing, 
and  consequently  it  receives  a  more  violent  shock.  On  one  occa- 
sion when  a  live  fish  was  put  into  the  tub,  the  animal  was  seen  by 
Faraday  to  coil  itself  into  the  form  of  a  semicircle,  the  fish  lying 
across  the  diameter :  this  position  was  the  one  most  favourable  to 
the  full  efiect  of  the  electrical  diBcharge ;  an  instant  afterwards  the 
fish  floated  motionless  upon  its  side,  deprived  of  life  by  the  shock 
which  it  had  received,  and  was  then  speedily  devoured  by  the 
gymnotus. 

The  shock  of  both  the  torpedo  and  the  gymnotus  gives  rise  to 
momentary  currents  sufficient  to  deflect  the  galvanometer,  to  mag- 
netize a  needle,  and  to  decompose  iodide  of  potassium  :  from  both 
species  sparks  have  also  been  obtained  between  two  insulated  gold 
leaves  properly  connected  with  the  fish. 
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(321)  The  Muscular  Current  in  Living  Animals. — The  re- 
searches of  Matteucci  have  shown  that  in  the  living  animal  an 
electrical  current  is  perpetually  circulating  between  the  internal 
portion  of  a  muscle  and  its  external  surface ;  this  current  is  due 
probably  to  the  chemical  actions  which  are  produced  by  the  vital 
changes  which  are  continually  occurring  in  the  organic  tissue. 
The  muscular  current,  as  it  has  been  termed^  ceases  to  manifest 
itself  in  warm-blooded  animals  in  a  very  few  minutes  after  the 
life  of  the  entire  animal  has  terminated;  but  in  cold-blooded 
animals^  and  especially  in  the  frog^  it  continues  for  a  much  longer 
period.  Vital  contractility  also  continues  in  these  animals  for  a 
longer  period  than  in  the  higher  orders  of  the  vertebrata,  and 
hence  the  frog  has  been  extensively  employed  in  researches  of  this 
description. 

The  following  is  one  of  the  forms  of  experiment,  devised  by 
Matteucci,  to  show  the  existence  of  the  muscular  current : — Five 
or  six  frogs  are  killed  by  dividing  the  spinal  column  just  below 
the  head;  the  lower  limbs  are  removed,  and  the  integuments 
stripped  oflf  them ;  the  thighs  are  next  separated  from  the  legs  at 
the  knee-joint,  and  are  cut  across  transversely.  The  lower  halves 
of  these  prepared  thighs  are  then  placed  upon  a  varnished  board, 
and  so  arranged  that  the  knee-joint  of  one  limb  shall  be  in  con- 
tact with  the  transverse  section  of  the  next,  and  thus  a  muscular 
pile  is  formed  consisting  of  ten  or  twelve  elements ;  the  terminal 
pieces  of  this  pile  are  each  made  to  dip  into  a  separate  small  cavity 
in  the  board,  in  which  a  little  distilled  water  is  placed.  If  the  wires 
of  a  sensitive  galvanometer  be  attached  to  a  pair  of  platinum  plates, 
and  these  plates  be  plunged  simultaneously,  one  into  each  cavity 
in  connexion  with  the  muscular  pile,  a  deviation  of  the  galvano- 
meter needle  will  be  observed  in  a  direction  which  indicates  the 
existence  of  a  current  passing  from  the  centre  or  cut  transverse 
surface  of  the  muscle  towards  its  exterior. 

Dubois  Reymond,  by  the  use  of  still  more  sensitive  instruments, 
has  shown  that  even  the  smallest  shreds  of  muscular  tissue  exhibit 
proof  of  the  existence  of  such  a  current,  and  the  conclusion  which 
he  draws  from  his  experiments  is  the  following : — Any  point  of 
the  natural  or  artificial  longitudinal  section  of  a  muscle  is  posi- 
tive in  relation  to  any  point  of  the  natural  or  artificial  transverse 
section. 

Interesting  as  this  subject  is  in  a  chemical  point  of  view,  in 
connexion  with  the  changes  which  take  place  in  the  circulating 
fluids,  it  would  be  irrelevant  to  our  present  purpose  to  pursue  it 
ftirther.     The  question  belongs  more  properly  to  the  physiologist 
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than  to  the  chemist ;  and  the  reader  who  desires  ftiller  informa- 
tion upon  this  branch  of  inquiry  is  referred  to  the  various  papers 
of  Matteucci^  in  the  Annates  de  Chimie,  and  the  Phihsqphical 
Transactions,  and  to  the  work  of  Dubois  Reymond^  or  to  the  more 
recent  systematic  treatises  on  physiology. 

§  VIII.  Magnetic  Polarization  of  Light — Diamaonetish. 

(322)  Influence  of  Magnetism  on  Polarized  Light  transmitted 
through  Uncrystallized  Transparent  Bodies.  Allusion  has  been 
already  made  (127)  to  a  peculiar  kind  of  polarization  to  which  light 
is  subject^  when  transmitted  through  certain  transparent  media, 
which  are  under  the  influence  of  magnets  of  high  power.  Some 
transparent  bodies  are  better  fitted  than  others  to  exhibit  this 
phenomenon.  Some  years  ago  Faraday  prepared  a  peculiar  kind 
of  glass  for  optical  purposes ;  it  consisted  of  a  mixture  of  silicate 
and  borate  of  lead,  and  was  much  denser  than  ordinary  flint  glass : 
this  glass  is  particularly  well  adapted  to  display  the  effects  of  mag- 
netic polarization.  Let  a  piece  of  this  glass  which  has  been  pro- 
perly annealed  be  cut  into  the  form  of  a  rectangular  bar  or  prism, 
terminated  by  flat  parallel  faces,  and  let  it  be  placed  between  the 
poles  of  a  powerful  electro-magnet  not  in  action,  the  axis  of  the 
prism  being  parallel  to  a  line  which  joins  the  two  poles — in  fact 
in  the  direction  of  the  keeper  of  a  horse-shoe  magnet.  A  ray  of 
polarized  light  may  be  transmitted  along  the  axis  of  the  glass  bar, 
and  if  examined  by  an  analysing  plate  in  the  usual  manner  (120) 
the  light  will  disappear  when  the  plane  of  reflection  from  the  ana- 
lysing plate  is  at  right  angles  to  the  plane  of  polarization.  If, 
now,  whilst  the  polarized  ray  is  at  the  point  of  maximum  obscura- 
tion, the  soft  iron  be  magnetized  by  the  action  of  the  battery,  the 

light  will  instantly  reappear,  and  if  white  light 
*   ^  '  be  used,  the  reflected  ray  will  be  coloured.  The 

moment  that  the  connexion  with  the  battery 
is  broken,  the  light  will  disappear ;  but  it  will 
again  become  visible  each  time  that  the  iron 
is  rendered  magnetic.  If  the  north  end  of 
the  magnet  be  towards  the  observer,  the  rota- 
tion of  the  plane  of  polarization  is  to  the 
right,  as  represented  in  ?i^,  256,  No.  i ;  but  if  the  direction  of 
the  magnetism  be  reversed,  so  that  the  south  end  is  nearest  the 
observer,  the  rotation  is  to  the  left,  as  in  No.  2. 

Different  bodies,  when  placed  between  the  poles  of  an  electro- 
magnet, possess  this  property  of  causing  the  ray  to*  rotate  in  dif- 
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ferent  degrees,  but  all  singly  refracting  solids  and  liquids  manifest 
it :  in  magnetized  gases,  and  in  vacuo,  no  such  effects  have  been 
discovered.  The  ei^tent  of  the  rotation  is,  cateris  paribus,  directly 
as  the  intensity  of  the  magnetism,  and  as  the  length  of  the  medium 
traversed  by  the  ray.  By  placing  the  transparent  bodies  in  the 
axis  of  a  coil  of  wire  conveying  an  electric  current,  the  same  effects 
are  produced,  but  in  a  lower  degree :  the  more  numerous  the  coils 
of  the  helix,  and  the  longer  the  column  of  the  transparent  body 
which  is  traversed  by  the  ray,  the  greater  is  the  extent  of  the  rota- 
tion. When  an  electric  current  passes  round  a  ray  of  polarized 
light,  in  a  plane  perpendicular  to  the  direction  of  the  ray,  it  causes 
rotation  of  the  ray  in  the  same  direction  as  that  in  which  the  cur« 
rent  is  passing.  The  interposition  of  bodies  which  are  not  suscep- 
tible  of  magnetism,  between  the  coils  of  the  helix  and  the  trans- 
parent body  placed  in  its  axis,  does  not  sensibly  affect  the 
polarizing  action,  but  the  interposition  of  a  hollow  iron  core  be- 
tween the  helix  and  the  transparent  body  in  its  axis,  in  some 
cases  greatly  heightens  the  effect,  in  others  it  neutralizes  it,  the 
rotatory  influence  varying  with  the  thickness  of  the  core. 

Matteucci  found  that  by  elevating  the  temperature  of  a  bar  of 
heavy  glass  to  about  600°,  the  rotatory  power  was  increased  by 
about  one-third,  when  compared  with  the  effect  of  the  same  bar 
at  ordinary  temperatures.  Bertin  {Ann.  de  Chimie,  III.  xxvii.  31) 
gives  the  following  rotatory  power  for  columns  of  equal  length  of 
various  bodies  at  ordinary  temperatures,  assuming  that  of  heavy 
glass  as  equal  to  i: — 

Heavy  glass I'oo 

Perchloride  of  tin 077 

Bisulphide  of  carbon 074 

Terchloride  of  phosphorus .     .     .     .  0*51 

Water      .     .    ^ 0*^5 

Alcohol  (sp.  gr.  0*850) 0'i8 

Ether 0*15 

The  salts  of  calcium,  of  zinc,  and  of  magnesium,  as  well  as  many 
other  saline  substances,  increase  the  rotatory  power  of  water, 
when  added  to  it,  the  effect  being  proportioned  to  the  strength  of 
the  solution.  Yerdet  has  determined  by  careftd  measurement 
{Ann.  de  Chimie,  III.  lii.  1^9)  the  extent  to  which  this  rotatory 
power  is  possessed  by  various  bodies  in  solution ;  and  the  same 
observer  has  shown  that  the  addition  of  a  salt  of  iron  to  water 
diminishes  the  rotatory  power  of  the  liquid ;  an  aqueous  solution 
of  perchloride  of  iron,  containing  40  per  cent,  of  the  salt^  gives  a 
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negative  rotation^  which  is  five  or  six  times  as  powerful  as  the 
positive  rotation  possessed  by  water.  Salts  of  chromium^  titaniiim, 
cerium^  uranium,  and  lanthanum  produce  a  similar  effect ;  whilst 
the  salts  of  nickel  and  cobalt,  which  are  also  magnetic,  produce 
a  positive  effect,  and  increase  the  ordinary  rotatory  power.  Ferro- 
cyanide  of  potassium,  although  it  contains  iron,  exerts  a  positive 
rotatory  effect. 

Bodies,  such  as  oil  of  turpentine,  which  naturally  produce 
coloured  circular  polarization  (126)  have  the  power  exalted,  anni- 
hilated, or  reversed,  according  to  the  direction  and  intensity  of 
the  electric  current  which  is  transmitted  through  the  coil.  The 
polarization  produced  by  magnetism  differs  from  the  ordinaiy 
coloured  circular  polarization  shown  by  oil  of  turpentine,  in  this 
remarkable  particular — ^viz.,  that  the  magnetic  rotation  is  always 
in  the  same  direction  as  that  of  the  current  which  circulates 
around  the  coil. 

Let  c  d,  fig.  257^  represent  a  vessel  filled  with  oil  of  turpentine 

endowed  with  right-handed  rotation,  and  let  a  b 
I  o.  357.      ^  be  a  polarized  ray.      If  the  ray  proceed  from 

a  to  the  observer  at  b,  the  rotation  will  of  course 
appear  to  be  right-handed  to  him,  as  shown  by 
^'  the  circle,  c ;  and  if  from  b  to  a,  the  rotation 
will  still  appear  to  be  right-handed  to  the  ob- 
server at  a,  as  shown  by  the  circle,  rf.  If  now 
a  current  be  passed  round  c  d,  in  the  direction 
of  the  circular  arrow  at  c,  the  rotation  to  the 
observer  at  b  will  appear  to  be  increased ;  while 
to  an  observer  at  a,  it  will  appear  to  be  neutralized  or  reversed. 

(323)  Magnetism  of  Bodies  in  general, — It  was  formerly 
imagined  since  iron  was  susceptible  of  magnetism  in  a  high  degree, 
nickel  in  an  inferior  degree,  and  cobalt  in  a  degree  still  less,  that 
all  other  substances  might  also  be  magnetic,  although  to  an  extent 
so  minute  as  to  elude  the  ordinary  means  of  observation.  More- 
over, as  experiment  had  proved  that  a  reduction  of  temperature 
exalts  the  magnetic  power  of  iron  and  of  nickel,  it  seemed  not  un- 
reasonable to  anticipate  that  by  extreme  depression  of  temperature 
a  point  might  be  attained  at  which  every  species  of  matter  would 
show  itself  obedient  to  the  magnet.  Experiments  made  upon  this 
subject  at  very  low  temperatures  have  not,  however,  justified  these 
expectations.  The  employment  of  magnets  of  unusual  power  has, 
on  the  other  hand,  revealed  the  existence  of  a  susceptibility  to  this 
force  in  cases  where  under  ordinary  circumstances  it  had  not  been 
observed.     (Faraday,  Phil.  Trans.,  1846.) 
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Before  adverting  to  these  experiments,  it  will  be  advisable  to 
define  clearly  the  different  parts  of  the  space  between  the  two  poles 
where  the  magnetic  action  is  manifested.  Let  ns  suppose  that  we 
are  looking  down  upon  the  poles,  n,  s  (fig.  258), 
of  a  powerful  horseshoe  magnet;  the  space  _^— L 

between  them  has  been  termed  by  Faraday 
the  magnetic  field ;  the  line,  ax,  will  give  the 
direction  of  its  axis ;  the  line,  e  q,  which  is 
in  the  same  horizontal  plane,  but  at  right 
angles  to  a  x,  will  form  the  equator  of  the 
magnetic  field.  A  bar  of  iron  suspended  by 
its  centre  above  such  a  magnet,  will  take  a 
horizontal  direction  parallel  to  the  axis,  a  x,  and  is  said  to  point 
axially.  By  using  electro-magnets  of  enormous  power  (303)  many 
bodies  not  usually  reputed  to  be  magnetic  will  take  the  axial 
position  like  a  bar  of  iron.  For  example,  if  an  elongated  frag- 
ment of  haematite,  or  red  oxide  of  iron,  which  is  indifferent  to 
a  common  magnet,  be  suspended  horizontally  at  its  centre  by 
a  few  fibres  of  silk  between  the  poles  of  such  an  electro-magnet, 
it  will  point  axially;  even  a  sheet  of  writing-paper  rolled  up 
so  as  to  form  a  short  cylinder  will,  usually,  owing  to  the  small 
quantity  of  iron  or  of  cobalt  that  it  contains,  assume  a  similar 
direction. 

Faraday  has  found  as  a  general  rule  that  the  salts  of  the 
magnetic  metals  are  themselves  magnetic,  provided  that  these 
metals  enter  into  the  ba^e  of  the  salts.  For  instance,  crystals  of 
green  sulphate  of  iron  placed  in  a  thin  glass  tube,  which  is  not 
magnetic,  will  cause  the  tube  to  point  axially.  Such  salts  pre- 
serve their  magnetic  properties  even  when  dissolved  in  water :  if 
the  solution  be  placed  in  a  glass  tube  of  the  form  shown  in 
fig.  259,  the  tube,  when  suspended  by  a  loop  of 
copper  wire  and  a  few  fibres  of  raw  silk,  will  Fio.  259. 
take  an  axial  position  between  the  poles  of  the 
magnet.  Solutions  of  sulphate  of  nickel  and 
of  sulphate  of  cobalt  act  in  a  manner  similar  to 
the  solutions  of  the  salts  of  iron.  The  pure  salts 
of  chromium  and  of  manganese  have  in  like  manner  proved  to  be 
magnetic,  and  hence  these,  metals  themselves  are  inferred  to  be 
so,  although,  from  the  high  temperature  required  to  reduce  them 
to  the  metallic  condition,  it  is  almost  impossible  to  obtain  them 
in  such  a  state  of  chemical  purity  as  would  enable  the  fact  to  be 
verified  by  experiments  upon  the  metals  themselves  in  an  uncom- 
bined  state. 
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(324}  DiamaffnetUm.  —  All  the  magnetic    bodies  meutioiied 
above  are  attracted  indiffereotly  by  either  magnetic  pole;    and, 
if  of  elongated  form,   they  place  themselves  witb   their   longest 
diameter  in  the  axial  direction  vhen  suspended  by  their  centre 
between  two  contraiy  magnetic  poles.     It  is,  however,    fix  fem 
being  true  that  all  substances  are  magnetic.     Bodies  exist  whidi, 
when  brought  near  to  a  magnetic  pole,  are  repelled 
Fio.  »6o.       instead  of  being  attracted :   such   substances  have 
been  termed  diamagiieticB.     K  a  straw  (s,  fig.  260} 
'  be  suspended  horizontally  by  a  silk  fibre,  and  from 
one  extremity  of  the  straw  a  small  piece  of  phos- 
phorus, p,  be  supported  in  a  ring  of  fine  copper  wir^ 
repulsion  of  the  phosphorus  will  be  produced  indif- 
ferently by  either  pole.     In  such  an  experiment  it 
will  be  found  convenient  to  place  a  soft  iron  arm»- 
a)^  ture,  bevelled  off  to  a  blunt  point,  upon  the  pole  <A 

^^ the  magnet,  in  order  to  concentrate  the  power,  be- 

-  *"  "^  cause  the  repulsive  force  is  very  feeble  when  com- 
pared with  the  attractive  power  developed  in  iron. 
If  a  stick  of  phosphorus  be  suspended  between  the 
two  poles  of  the  electro-magnet,  it  takes  the  ejua- 
torial  position,  assuming  a  direction  at  right  angles  to  that  of  a 
bar  of  iron,  the  phosphorus  being  repelled  by  each  pole  to  the 
greatest  distance  possible.  Phosphorus,  it  will  be  olwerved,  is  a 
non-conductor  of  electricity ;  but  some  of  the  metaU,  of  which 
bismuth  and  antimony  are  the  most  remarkable,  exhibit  this  repul- 
sive action  in  a  still  higher  decree. 
FiQ.  361.  Substances  of  an  oiganic  nature,  such 

as  slices  of  wood,  apple,  potato,  or 
flesh,  likewise  show  this  diamagnetic 
power,  though  not  strongly.  In 
fact,  all  bodies  which  are  not  mag- 
netic, exhibit  diamagnetic  properties. 
Owing  to  the  feeble  amount  of  these 
repulsive  actions,  it  is  necessajy  to 
screen  the  objects  under  experiment 
I  from  the  influence  of  currents  of  ajr, 
surrounding  them  with  a  glass- 
,  as  represented  in  fig.  261,  in 
which  b  represents  a  bar  of  bismuth, 
or  other  diamagnetic  body,  delicately 
suspended  by  a  few  fibres  (^  onspon 
silk,  c.     The  bismuth  bar  is  shown 
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in  the  equatorial  poeition  between  the  two  poles  of  the  electro- 
magnet^ which  project  through  apertures  made  for  their  reception 
in  the  table. 

(325)  Diofnagnetism  of  6<Me*.— The  earlier  experiments  upon 
the  gases^  owing  to  the  very  small  amount  of  ponderable  matter 
to  be  acted  upon,  gave  results  which  seemed  to  prove  that  they 
were  indifferent  to  the  influence  of  the  magnet ;  but  subsequent 
researches  have  shown  that  even  the  different  gases  and  vapours 
are  susceptible  of  the  diamagnetic  influence  in  a  degree  which 
varies  with  the  nature  of  the  gas.  (Faraday,  Phil,  Mag.,  1847, 
xxxi.  p.  401.) 

The  gases  upon  which  experiments  were  made  by  Faraday 
appear  to  stand  in  the  following  order,  beginning  with  those 
which  are  least  diamagnetic :  —  atmospheric  air,  nitric  oxide, 
nitrogen,  carbonic  acid,  nitrous  oxide,  carbonic  oxide,  hydrogen, 
coal  gas,  olefiant  gas,  hydrochloric  acid,  ammonia,  and  chlorine. 

Elevation  of  temperature  exalts  the  diamagnetic  condition, — a 
stream  of  hot  oxygen  appearing  to  be  diamagnetic  in  an  atmo- 
sphere of  cold  oxygen.  A  similar  result  was  obtained  with  all 
such  gases  as  were  compared  with  each  other  at  high  and  at  low 
temperatures.  On  the  other  hand,  depression  of  temperature 
lowers  the  diamagnetic  force,  so  that  a  current  of  cooled  gas  when 
allowed  to  flow  into  a  warmer  atmosphere  of  the  same  kind,  takes 
an  axial  position  in  the  magnetic  field.  If  a  stream  of  one  gas 
be  allowed  to  escape  into  an  atmosphere  of  a  second  gas  more 
diamagnetic  than  itself,  the  less  diamagnetic  gas  takes  the  axial 
position ;  when  atmospheric  air,  for  instance,  is  made  to  flow  into 
coal  gas,  the  air  takes  the  axial  or  magnetic  position  between  the 
poles;  though  air  itself  would  take  the  equatorial  position  in 
oxygen  gas.  The  diamagnetism  of  gases  was  first  indicated  in  an 
experiment  by  Bancalari:  he  found  that  the  flame  of  burning 
bodies  was  influenced  by  the  action  of  a  powerful  electro-magnet. 
This  effect  is  beautifully  exhibited  by  simply  placing  the  flame  of 
a  taper,  or  of  any  combustible  substance,  between  the  poles  of  the 
magnet,  when  in  action  \  the  flame  appears  to  be  repelled  towards 
either  side  by  the  poles,  and  if  the  magnet  be  sufficiently  powerful, 
the  flame  divides  into  two  streams,  which  pass  off  horizontally,  one 
on  either  side,  in  the  equatorial  direction.  If  the  taper  be  ex- 
tinguished, whilst  the  wick  still  continues  to  glow,  the  ascending 
column  of  smoke  when  placed  between  the  poles  of  the  magnet 
exhibits  these  motions  equally  well. 

The  following  simple  contrivance  was  employed  by  Faraday 
to  show  the  position  assumed  by  the  different  gases.     A   bent 

o  o 
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tube  conveyed  the  gas  for  experiment  in  a  very  slow  but  conti- 
nuous stream  into  the  centre  of  the  magnetic  field ;  generally  a 
piece  of  paper^  moistened  with  a  solution  of  ammonia^  was  placed 
in  the  bent  tube.  Supposing  the  gas  to  be  lighter  than  air,  three 
wide  glass  tubes,  open  at  each  end,  and  three  or  four  inches  long, 
were  suspended  with  their  lower  apertures  in  the  equatorial  line, 

as  represented  in  fig.  262,  with  the  middle 
Fig.  262.  ^YyQ  j^^  above  the  bent  tube  for  the  deli- 

very of  the  gas.  In  each  tube  a  piece  of 
paper  moistened  with  hydrochloric  acid 
was  suspended.  The  whole  Was  screened 
from  currents  of  air  by  plates  of  glass.  So 
long  as  the  iron  was  not  magnetized,  the 
gas  flowed  readily  up  the  axis  of  the  middle 
tube ;  but  on  bringing  the  electro-magnet 
into  action,  the  gas,  instead  of  passing  directly  up  the  central  tube, 
was,  when  more  diamagnetic  than  air,  diverted  into  each  of  the 
side  tubes ;  and  the  currents  were  rendered  visible  by  the  white 
fumes  produced  when  the  ammonia  carried  by  the  gas  came  into 
contact  with  the  vapours  of  the  acid  contained  in  the  tube.  If 
the  gas  under  experiment  were  heavier  than  atmospheric  air,  the 
position  of  all  the  tubes  was  inverted,  and,  in  place  of  ascending 
currents,  descending  currents  were  obtained.  The  action  of  the 
magnet  upon  the  different  gases  was  also  shown  by  blowing  soap 
bubbles,  filled  with  each  gas  for  trial,  upon  the  end  of  a  capillary 
tube,  and  bringing  the  suspended  bubble  near  to  the  pole  of  the 
magnet ;  on  completing  the  circuit  the  bubble  was  attracted  or  re- 
pelled according  as  the  gas  was  magnetic  or  diamagnetic. 

By  suspending  a  feebly  magnetic  glass  tube,  attached  to  the 
thread  of  a  delicate  torsion  balance,  between  the  magnetic  poles 
successively  in  oxygen  and  in  vacuo,  E.  Becquerel  {Ann.  de  Chimie, 
III.  xxviii.  324)  found  that  the  tube  was  less  strongly  attracted  in 
oxygen  than  in  the  exhausted  receiver,  and  by  varying  the  expe- 
riment in  different  ways  he  succeeded  in  proving  that  oxygen  is  a 
decidedly  magnetic  body  ;  he  has  calculated  that  a  cubic  metre  of 
oxygen,  which  at  32°  F.  and  29*92  inches  Bar.  weighs  22015  grains, 
if  it  were  condensed  till  it  had  a  specific  gravity  equal  to  that  of 
iron,  would  act  upon  a  magnetic  needle  with  a  force  equal  to  that 
of  a  little  cube  of  iron  weighing  8-J-  grains ;  or  that  the  magnetism 
of  oxygen  is  to  that  of  metallic  iron  as  i  :  2647.  He  computes 
that  the  magnetic  effect  of  the  oxygen  in  the  air  is  equal  to  that 
of  a  shell  of  metallic  iron  -^-^  of  an  inch  in  thickness  surrounding 
the  globe  of  the  earth. 
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The  fact  of  the  magnetism  of  oxygen  was  first  suggested  by 
Faraday  {PUl.  Mag,,  1847)  and  was  amply  proved  by  him  {Phil. 
Trans.y  i85i,p.  ^3),  independently  of  Becquerel.  He  has  further 
ascertained  that,  like  iron,  it  loses  its  magnetism  when  strongly 
heated,  but  recovers  it  when  the  temperature  falls.  In  this  dimi- 
nution in  magnetic  intensity  as  the  temperature  rises,  he  considers, 
probably  lies  the  explanation  of  the  diurnal  variations  of  the  needle, 
the  cause  of  which  has  so  much  perplexed  magnetic  observers  :  the 
explanation  is,  however,  not  regarded  as  adequate  by  some  eminent 
magneticians. 

(326)  The  following  table  contains  a  list  of  various  substances 
arranged  in  the  order  of  their  magnetic*  and  diamagnetic  powers, 
as  approximatively  determined  by  Faraday : — 


Magnetic. 

Iron 

Nickel 

Cobalt 

Manganese 

Chromium 

Cerium 

Titanium 

Palladium 

Crown  glass 

Platinum 

Osmium 

Oxygen 


Nitrogen. 


Diamagnetic, 

Bismuth 

Phosphorus 

Antimony 

Zinc 

Silico-borate  of  lead 

Tin 

Cadmium 

Sodium 

Flint  glass 

Mercury 

Lead 

Silver 

Copper 

Water 

Gold 

Alcohol 

Ether 

Arsenic 

Uranium 

Rhodium 

Iridium 

Tungsten 


*  Faraday  regards  all  anbetanoes  as  magnetic,  and  designates  those  sub- 
stances generally  termed  magnetic,  as  paramagnetic,  in  contradistinction  to 
those  which  are  dianoiagnetio. 

o  o  2 
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It  is  worthy  of  particular  remark  that  the  same  substance  may 
appear  to  be  either  magnetic  or  diamagnetic  according  to  the 
nature  of  the  medium  in  which  it  is  placed.  K  a  glass  rod  he 
suspended  horizontally  in  a  vessel-  of  water,  which  is  a  strongly 
diamagnetic  body,  it  will  point  axially,  like  a  rod  of  iron ;  whereas 
the  same  rod,  if  suspended  in  a  solution  of  sulphate  of  iron,  which 
is  magnetic,  will  point  in  the  equatorial  direction.  In  like  man- 
ner a  tube  containing  a  solution  of  sulphate  of  iron  will  in  pure 
water  seem  to  be  magnetic,  while  in  a  still  stronger  solution  of 
the  sulphate  it  will  act  as  a  diamagnetic  substance ;  just  as  a  soap 
bubble  filled  with  carbonic  acid,  which  is  heavier  than  air,  will 
fall  to  the  ground,  while  if  filled  with  hydrogen,  which  is  much 
lighter  than  the  atmosphere,  it  will  ascend. 

Air,  in  consequence  of  its  containing  oxygen  in  an  uncom- 
bined  condition,  is  a  magnetic  substance. 

(327)  The  same  Elements  in  combination  may  be  Magnetic  or 
Diamagnetic  according  to  the  nature  of  the  Compound. — One  of  the 
most  interesting  peculiarities  of  diamagnetism  is  exhibited  in  the 
circumstance  that  the  same  body  may  assume  the  magnetic  or  the 
diamagnetic  state  according  to  the  nature  of  the  compound  which 
it  forms.  A  metal  may,  for  example,  occur  as  the  basic  or  electro- 
positive constituent  of  a  compound,  or  it  may  enter  into  the  com- 
position of  those  substances  which  form  the  acid  or  electro-negative 
constituent  of  the  compound.  A  good  illustration  of  the  difference 
thus  produced  occurs  in  the  case  of  iron.  Iron  acts  as  a  base  in 
the  crystals  of  green  vitriol  (FeSO^+jU^O),  of  which  the  metal 
forms  about  a  fifth  by  weight,  and  it  gives  to  them  a  decidedly 
magnetic  power;  but  in  the  yellow  ferrocyanide  of  potassium 
(K^jR?Cyg  +  3H20),  which  also  contains  iron,  to  the  extent  of  more 
than  an  eighth  of  its  weight,  the  crystals  are  diamagnetic.  The 
iron  in  this  case  occurs  in  the  electro- negative  constituent  of  the 
salt,  and  not  as  a  base.*  In  the  same  way,  acid  chromate  of 
potassium  (K^CrO^CrO^),  where  the  chromium  forms  part  of  the 
acid,  is  diamagnetic,  while  the  sulphate  of  chromium  {Cr^  S^OJ, 
where  the  metal  acts  as  a  base,  is  decidedly  magnetic.  Some  of 
the  compounds  of  cobalt  exhibit  analogous  differences. 

(328)  Influence  of  Structure  on  Diamagnetism. — In  prose- 
cuting this  subject,  Tyndall  and  Knoblauch  {Phil.  Mag.,  1850, 
vol.  xxxvi.  p.  178,  and  xxxvii.  p.  i)  have  been  led  to  the  conclusion 


*  It  is,  however,  remarkable  that  the  red  ferricyanide  of  potaaaium  is, 
according  to  Pliicker's  observation,  distinctly,  though  feebly,  magnetic 
Faraday  enumerates  it  among  the  diamagnetic  clasa. 
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that  a  substance  may  appear  to  be  either  magnetic  or  diamagnetic 
according  to  the  arrangement  of  its  component  particles.  It 
must  notj  however^  be  supposed  that  there  is  not  a  real  distinction 
between  the  two  classes  of  substances ;  but  that^  under  certain  cir- 
cumstances^ a  truly  magnetic  body  may  appear  to  be  diamagnetic^ 
and  a  body  truly  diamagnetic  may  appear  to  be  magnetic.  The 
following  experiment  may  be  cited  in  order  to  explain  this  point. 
A  small  flat  circular  disk  was  prepared  with  a  paste  of  wheaten 
flour ;  and  in  this  disk  a  number  of  short  pieces  of  iron  wire  were 
placed^  all  parallel  to  each  other^  and  all  passing  &om  one  surface 
of  the  disk  to  the  other,  perpendicularly  to  its  two  &ces.  This 
disk  was  suspended  from  a  fibre  of  silk,  by  its  edge,  in  a  ver- 
tical direction,  between  the  poles  of  an  electro-magnet;  but 
though  it  was  imdoubtedly  magnetic,  the  plate  placed  itself 
with  its  faces  parallel  to  the  equator  of  the  magnetic  field.  Each 
of  the  short  pieces  of  wire,  however,  had  assumed  the  axial  posi- 
tion, although  the  disk  as  a  whole  arranged  itself  in  a  diamagnetic 
position. 

When  a  similar  disk  was  prepared  in  which  threads  of  bismuth 
were  substituted  for  the  iron  wire,  the  disk  placed  itself  in  the 
magnetic  direction,  with  its  faces  parallel  to  the  axis  of  the  mag- 
netic field.  The  bismuth,  however,  is  unquestionably  diamagnetic, 
and  each  of  the  pieces  of  this  metal  which  the  plate  contains 
assumes  the  diamagnetic  direction. 

The  conclusion  which  Tyndall  and  Knoblauch  draw  from  these 
experiments  is,  that  if,  in  a  magnetic  or  in  a  diamagnetic  mass,  there 
be  one  particular  direction  in  which  the  particles  which  compose 
it  are  more  closely  approximated  to  each  other  than  in  any  other 
direction,  the  line  which  corresponds  to  this  direction  of  greatest 
density  will  be  the  one  in  which  the  magnetic  or  diamagnetic  action 
is  most  strongly  marked.  One  of  the  experiments  made  in  sup- 
port of  this  view  is  the  following  : — ^Powdered  bismuth  was  formed 
by  means  of  gum- water  into  a  mass  sufficiently  coherent  to  be 
worked  into  a  small  cylindrical  bar  about  an  inch  long  and  a 
quarter  of  an  inch  thick.  When  this  cylinder  was  suspended  by 
its  centre,  in  a  horizontal  direction  between  the  poles  of  the  electro- 
magnet, it  pointed  equatorially  as  an  ordinary  bar  of  bismuth 
would  have  done ;  but  when  this  same  cylinder  was  compressed 
laterally,  so  as  to  form  a  flat  plate,  it  assumed  a  direction  with 
its  faces  parallel  to  the  axial  position,  though  its  length  in  some 
cases  was  ten  times  as  great  as  its  thickness. 

Again,  carbonate  of  iron  is  a  magnetic  body :  if  reduced  to 
fine  powder^  and  formed  into  a  cylinder  similar  to  that  made  with 
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the  bismuth,  it  will  point  axially^  or  like  a  magnet,  between  the 
poles;  but  if  compressed  into  a  plate,  this  plate  will  set  with  its  fiaces 
parallel  to  the  equatorial  direction.  Here,  in  each  case^  those  parts 
in  which  the  particles  of  the  bismuth,  or  the  salt  of  iron,  are  by 
compression  brought  the  nearest  to  each  other,  are  those  in  which 
the  diamagnetic  or  the  magnetic  action  predominates.  It  is  by 
an  application  of  this  principle  that  Tyndall  and  Knoblauch  account 
for  the  fact  discovered  by  Pliicker,  that  in  all  crystalline  bodies 
belonging  to  those  systems  which  exercise  a  doubly  refractive  in- 
fluence on  light,  the  optic  axis  assumes  a  definite  direction  under 
the  influence  of  the  electro-magnet.  Assuming  that  the  optic  axis 
of  a  crystal  is  the  direction  in  which  the  particles  of  the  crystal 
have  experienced  the  greatest  degree  of  condensation,  the  effects 
obtained  by  experiment  admit  of  explanation.  The  position  assumed 
by  the  optic  axis  is  not  uniformly  the  same  in  different  specimens 
of  the  same  substance,  though  in  the  same  specimen  it  is  always 
the  same.  For  example :  Iceland  spar,  when  pure,  is  a  diamagnetic 
substance,  but,  if  it  contain  carbonate  of  iron,  it  exhibits  magnetic 
properties.  In  the  course  of  their  researches,  Tyndall  and  Knob- 
lauch took  pieces  from  several  specimens  of  Iceland  spar^  some  of 
which  were  magnetic,  others  diamagnetic.  These  different  samples 
were  cut  into  the  form  of  disks,  or  flat  circular  plates,  the  sur&ces 
of  which  were  parallel  to  the  optic  axis  of  the  crystals.  When  the 
disks  were  suspended  horizontally  at  their  centres  between  the 
poles  of  an  electro-magnet,  so  that  the  optic  axis  of  the  crystal 
was  in  a  horizontal  plane,  each  disk  always  assumed  a  determinate 
direction.  When  the  disk  was  taken  from  a  magnetic  crystal,  the 
optic  axis  placed  itself  axially  between  the  poles ;  when  from  a  dia- 
magnetic crystal,  the  optic  axis  assumed  the  equatorial  direction. 
Thus  it  appears,  that  whether  the  crystal  be  magnetic  or  diamag- 
netic, the  action  is  exhibited  in  each  case  most  powerfully  in  the 
direction  of  the  optic  axis,  which  is  assimied  to  be  the  line  in 
which  the  particles  are  most  closely  approximated  to  each  other. 
Faraday  has  shown  that  the  directive  force  of  the  crystal,  whether 
magnetic  or  diamagnetic,  diminishes  as  the  temperature  rises. 

(329)  Law  of  Diamagnetic  Repulsion, — It  has  been  ascertained 
by  E.  Becquerel  and  by  Tyndall,  that  the  diamagnetic  repulsion, 
as  measured  by  means  of  the  torsion  balance,  is  as  the  square  of 
the  intensity  of  the  current.  The  phenomena  of  diamagnetism 
may  be  accounted  for,  as  was  remarked  by  Faraday,  on  the  sup- 
position that  electric  currents  are  circulating  around  the  particles 
of  the  diamagnetic  body  in  a  direction  the  reverse  of  those  which 
are  supposed  to  exist  in  magnetic  bodies^  though  he  was  unable 


DUUAflNBTlC    POLARITY. 


to  satisfy  Umself,  by  experimeat,  of  the  existence  of  sach  polarity; 
but  the  experimeats  of  Beich,  of  Weber,*  and  of  Tyndall  {Phil. 
Trans.,  1853,  1856],  appear  to  have  proved  conclusively  that  bodies 
vhich  are  under  diamagnetic  influence,  exhibit  polar  characters. 


*  The  principle  of  Weber'a  beantiM  apporatas,  with  which  Tjndall's 
deciaive  experimenti  were  nude,  will  be  underatood  without  difficult;.  Ijot 
H.  h'  (fig,  363)  repreaent  two  similar  vertical  helices  of  copper  wire ;  ab,ed, 
two  bare  of  bismuth  or  other  diamagaetic  body  attached  to  cords,  which 

Fia.  363.  Fio.  264. 

^ S^-^!„ 


^^  a 


Fio.  165. 


Ci^il 


v^ 


pass  over  tbe  wheels  w,  w',  lo  that  they  can,  by  moving  one  of  the  wheels,  be 
placed,  at  pleasure,  in  either  of  the  positions  shown  in  fig.  365,  i  and  3,  nt 
represents  one  of  a  pair  of  bar  magnets,  arranged  astatically,  and  delicately 
anspended  side  by  side  by  s  few  fibres  of  unspun  silk,  T.  u  ia  a  mirror 
attached  to  the  centre  of  the  ma^et,  and  bj  viewing  a  scale  reflected  in  this 
mirror  through  a  telescope  at  a  distance  of  8  or  10  feet,  the  smallest  deflection 
of  the  magnets  may  be  estimated  and  measnred.  On  transmitting  a  voltaic 
current  from  one  or  two  of  Grove's  cells  through  the  ooils  in  opposite  direc- 
tions, the  bismuth  ban  within  the  helices  wiU  become  diamagnetised(  and 


][ 
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The  polarity  of  these  bodies  is  such  that  a  diamagnetic  substance 
possesses  a  feeble  magnetic  polarity^  the  magnetism  of  each  pok 
being  similar  to  that  of  the  pole  of  the  inducing  magnet  in  its 
vicinity :  whereas  in  an  ordinary  magnetic  substance  the  inducing 
magnetism  is  opposite  to  that  of  the  magnetic  pole  by  which  the 
magnetism  is  elicited. 


(330)  Definite  Quantity  of  Force;  IndestructibiUty  of  Force; 
Mutual  Relations  of  Different  Kinds  of  Force. — The  progress  of 
philosophical  inquiries  for  many  years  past  has  been  of  such  a 
nature  as  to  produce  a  growing  conviction  in  the  minds  of  the 
active  cultivators  of  science,  that  force  is  equally  indestructible 
with  matter ;  and  that,  consequently,  the  amount  of  force  which  \a 
in  operation  in  the  earth  (probably  in  the  solar  system),  is  as  defi- 
nite as  that  of  the  material  elements  through  which  its  existence 
is  made  known  to  us. 

That  the  quantity  of  force  associated  with  matter  is  definite, 
may  be  illustrated  in  various  ways ;  one  or  two  examples  must 
suffice.  The  first  which  we  will  select  will  show  the  fixity  in  the 
proportion  of  heat  which  is  associated  with  a  given  quantity  of 
matter.  A  pound  of  charcoal  when  burned  with  a  free  supply 
of  air,  combines  with  2|-  lb.  of  oxygen,  and  produces  3^  lb.  of  car- 


fa^  careful]}r  raising  or  lowering  the  astatic  bars  n  s^s  n,  shown  in  section 
with  the  coils  H,  h'  in  fig.  264,  until  they  are  opposite  the  middle  of  the  coils, 
a  position  may  be  found  in  which  the  magnets  become  indifferent  to  the 
action  of  the  current.  If,  whilst  the  apparatus  is  thus  arranged,  the  wheel  w 
be  turned  to  the  right,  the  bismuth  bars  will  be  brought  mto  the  position 
fig.  265,  I,  and  a  deflection  of  the  astatic  magnets  will  be  effected.  The 
lower  end,  h,  of  one  bismuth  bar,  if  polar,  would  be  (from  the  reversed  direc- 
tion of  the  currents  in  the  helices)  in  the  same  condition  as  the  upper  end,  e, 
of  the  other  bismuth  bar,  and  each  will  therefore  attract  one  particular  end, 
say  the  north,  of  each  magnet  composing  the  astatic  combination,  and  would 
repel  the  south  end  ;  each  conspiring  to  produce  a  deflection  of  both  magnets 
in  the  same  direction :  but  on  turning  the  wheel  to  the  left,  so  as  to  bring 
the  bismuth  bars  into  the  position  shown  in  265,  2,  the  astatic  combination 
will  be  deflected  to  an  equal  extent  in  the  opposite  direction. 

These  effects  are  most  marked  with  boaies  like  bismuth  and  antimony, 
which  have  the  greatest  diamagnetic  energy ;  but  they  are  also  distinctly 
shown  even  in  non-conducting  bodies,  such  as  heavy  glass,  phosphorus,  and 
sulphur. 

If  solid  bismuth  give  a  deviation  which  is  represented  by  75  diyiiions  of 
the  scale  employed,  the  following  table  will  represent  the  action,  found  by 
Tyndall,  of  the  other  bodies  enumerated  in  it : — 


Bismuth    

Powdered  bismuth  ... 

Antimony 

Bisulphide  of  carbon 
"White  marble  ••. 
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Heavy  glass      ... 
Phosphorus 
Distilled  water... 
Calc-spar  •., 
Nitre ... 


••• 
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bonic  acid.  The  chemical  action  produced  by  this  combustion  is 
attended  with  the  extrication  of  a  definite  quantity  of  heat :  and 
this  amount  of  heat^  if  it  be  applied  without  loss^  is  sufficient  to 
convert  12^  lb.  of  water  at  60°,  into  steam  at  212®  P. :  associated 
with  each  pound  of  charcoal  there  must  therefore  be  a  definite 
amount  of  power  which  is  brought  into  action  when  that  charcoal 
is  burned.  A  different  but  equally  definite  amount  of  heat  is 
emitted  when  a  pound  of  phosphorus,  of  sulphur,  of  hydrogen,  or 
of  any  other  combustible  is  burned  with  firee  access  of  air  (199  et 
seq).  The  quantity  of  electricity  associated  with  a  given  quantity 
of  matter  is  equally  definite  (282).  When  a  piece  of  amalgamated 
zinc  is  placed  in  voltaic  relation  with  a  plate  of  platinum  in  diluted 
sulphuric  acid,  for  each  pound  of  zinc  which  is  dissolved,  a  quan- 
tity of  electricity  is  liberated,  by  means  of  which  a  pound  of  metallic 
copper  may  be  separated  fix)m  the  solution  of  a  sufficient  quantity 
of  the  sulphate  of  copper,  or  3^  lb.  of  silver  may  be  reduced  from 
a  solution  of  nitrate  of  silver. 

But  it  appears  further,  that  there  is  no  such  thing  as  a 
destruction  of  force.  The  cases  in  which  a  superficial  examination 
would  lead  to  the  conclusion  that  force  is  annihilated,  show  on 
closer  investigation  that  such  a  supposition  is  erroneous.  The 
only  mode  in  which  we  can  judge  of  the  existence  of  a  force  is 
from  the  effects  which  it  produces,  and  of  these  effects  that  which 
is  most  universal  is  the  power  either  of  producing  motion,  of 
arresting  it,  or  of  altering  its  direction :  whatever  possesses  this 
power  has  been  looked  upon  as  a  form  of  force.  Motion  is  con- 
sequently regarded  as  the  signal  of  force.  There  is  no  difficulty  in 
showing  that  gravity,  elasticity,  cohesion,  and  adhesion,  are  all 
forces  in  the  sense  of  the  above  definition.  But  even  the  more 
subtle  and  complex  agents— light,  heat,  electricity,  magnetism,  and 
chemical  action,  arc  all  capable  of  originating  motion,  and  may 
thus  fairly  be  admitted  under  the  definition  of  force  above  given. 

If  we  except  the  case  of  light,  for  which,  when  it  has  disap- 
peared by  absorption,  no  satisfactory  account  has  yet  been  given, 
it  will  be  found  that  in  all  cases  in  which  force  disappears,  it  has 
expended  itself  either  in  eliciting  or  setting  into  action  an  equiva- 
lent amount  of  some  other  force,  or  else  it  has  temporarily  disap- 
peared in  producing  a  definite  amount  of  motion.  In  this  case  it 
is  especially  to  be  remarked  that  the  amount  of  motion  which  it 
has  thus  brought  into  action,  when  that  motion  is  destroyed,  will 
again  give  rise  either  to  an  equal  amount  of  the  force  which  origi- 
nally produced  it,  or  to  an  equivalent  quantity  of  some  other 
manifestation  of  force. 
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For  example^  the  chemical  action  between  charcoal  and  oxy- 
gen terminates  as  soon  as  the  charcoal  is  wholly  converted  into 
carbonic  acid ;  and  a  quantity  of  heat^  which  is  equivalent  to  that 
amount  of  chemical  action^  remains  as  the  representative  of  the 
force  thus  expended.  The  heat  which  has  thus  been  developed  k 
ready  to  do  other  work ;  it  may  be  employed  in  converting  a  cer- 
tain  quantity  of  water  into  steam,  and  the  steam  so  obtained  can 
be  applied  to  the  production  of  motion,  the  amount  of  which  may 
be  measured  by  determining  the  number  of  pounds  weight  which 
can  be  lifted  through  a  given  distance  by  the  steam  thus  pro- 
duced. Motion  may  again  be  made  to  produce  heat,  and,  as 
Joule's  experiments  show,  the  quantity  of  heat  thus  developed  is 
strictly  determined  by  the  amount  of  motion  which  is  applied  to 
its  development. 

It  appears,  however,  not  only  that  force  is  definite  in  its 
amount,  and  indestructible  in  its  essence,  but  that  many  of  the 
more  important  varieties  of  force  are  intimately  related,  and  are 
capable  in  turn  of  eliciting  each  other.  The  forces  amongst 
which  such  mutual  relations  have  been  experimentally  proved  to 
exist  in  the  closest  manner,  are  those  of  light,  heat,  electricity, 
magnetism,  and  chemical  attraction.  The  transfer  of  any  one  of 
these  forces  from  one  point  to  another,  or,  in  other  words,  the 
exertion  of  any  one  of  these  forces,  is  always  attended  with  a 
collateral  manifestation  of  one  or  more  of  the  other  forms  of  for6e. 
In  the  action  of  a  voltaic  circuit,  cotisisting  of  a  single  pair 
of  plates  of  zinc  and  platinum,  the  solution  of  a  certain  quantity 
of  zinc,  or  the  chemical  action  between  the  zinc  and  the  acid, 
may  be  made  to  develop  several  forces — viz.:  i.  Electricity , 
but  there  is  no  direct  manifestation  of  this  force  so  long  as  the 
circuit  is  closed.  2.  Chemical  action :  if  a  voltameter,  charged  with 
a  solution  of  sulphate  of  copper,  be  interposed  in  the  circuit  between 
two  electrodes  of  copper,  a  certain  quantity  of  copper,  corre- 
sponding to  the  zinc  which  is  being  dissolved  in  the  battery,  will 
be  deposited  on  one  electrode,  whilst  a  corresponding  amount  of 
copper  will  be  dissolved  from  the  other  electrode.  Here  is  a  che- 
mical action,  which  corresponds  in  amount  to  that  which  is  taking 
place  between  the  zinc  and  sulphuric  acid  in  the  active  cell  of  the 
battery.  3.  Magnetism :  if  the  connecting  wire  be  coiled  round 
a  piece  of  soft  iron,  the  iron  will  become  powerftdly  magnetic  for 
the  time  during  which  the  current  is  traversing  the  conducting 
wire.  4.  Heat:  if,  whilst  the  voltameter,  the  electro-magnet^ 
and  the  galvanometer  are  still  included  in  the  circuit,  part  of  the 
circuit  be  composed  of  a  thin  wire  which  traverses  the  bulb  of 
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Harris's  air  thermometer,  an  elevation  of  temperature  in  the  wire 
proportioned  to  the  amount  of  electricity  in  circulation  will  be 
obtained,  but  in  proportion  to  the  quantity  of  heat  evolved  the 
chemical  action  is  lessened,  and  the  power  of  the  magnet  is 
reduced;  and  5.  Light:  on  interrupting  the  connexion  of  any 
part  of  the  circuit  a  bright  spark  is  obtained.  Chemical  attraction, 
then,  whilst  in  operation,  can  throw  a  current  of  electricity  into 
circulation,  and  a  current  of  electricity  will  develop  an  equivalent 
amount  of  magnetism  in  a  direction  at  right  angles  to  such  current. 
It  also  produces  in  conductors,  heat  proportioned  to  the  resistance 
which  it  experiences,  and  if  the  heat  be  sufficiently  intense,  it  is 
attended  with  the  emission  of  light. 

The  observations  of  Favre  already  quoted  (280)  showing  the 
dependence  of  the  quantity  of  heat  evolved  in  any  given  circuit 
upon  the  amount  of  magnetic  or  mechanical  work  which  it  is 
producing,  afford  interesting  additional  proo&  of  the  important - 
proposition  that  force  is  never  really  either  generated  or  destroyed. 
Man  has  but  the  power  to  elicit  it  when  latent,  to  transfer  its 
energy  to  new  points,  or  to  change  the  form  of  its  manifestation  so 
as  to  obtain  an  equivalent  amount  of  power  under  new  conditions. 

The  more  closely  the  investigation  is  followed  in  this  direction, 
the  more  completely  is  the  truth  of  this  principle  rendered  mani- 
fest. Thus  Soret  {Comptes  RendiM,  xlv.  301)  transmitted  a  con- 
tinuous electric  current  through  portions  of  conductors  which,  like 
Ampere's  wires  (fig.  236),  are  free  to  obey  their  mutual  impulse  of 
attraction  and  repulsion ;  and  he  found  that  if  the  moveable  con- 
ductors were  allowed  to  approach  each  other  in  accordance  with 
the  direction  of  the  attraction,  a  diminution  of  the  intensity  of 
the  current  is  observed  during  the  occurrence  of  this  motion, — a 
portion  of  the  intensity  of  the  current  being  expended  in  the  pro- 
duction of  motion.  If,  on  the  other  hand,  a  compulsory  movement 
in  opposition  to  the  attractive  force  is  efiected,  the  intensity  of 
the  current  is  increased  during  the  act  of  movement. 

Again  the  same  observer  found,  as  might  indeed  have  been 
anticipated  from  Faraday's  magneto-electric  researches  (311),  that 
if  a  battery  in  connexion  with  a  helix  be  in  conducting  commu- 
nication with  a  galvanometer,  the  current  through  the  galvano- 
meter is  reduced  during  the  introduction  of  a  soft  iron  core  into 
the  axis  of  the  helix ;  but  it  is  increased  at  the  moment  of  with- 
drawing the  iron  core.  The  introduction  of  a  non-magnetic  sub- 
stance, such  as  a  core  of  copper,  produces  no  sensible  cfiect. 

We  have  already  traced  briefly  the  evolution  of  electricity  from 
chemical  action ;  and  Faraday  has  further  shown  that  the  elec« 
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tricity  developed  by  friction  in  the  ordinary  electrical  machine  pro- 
duces either  a  corresponding  amount  of  magnetic  action  on  the 
needle  of  the  galvanometer,  or  an  equivalent  amount  of  chemical 
decomposition  in  electrolytes  through  which  it  is  transmitted 
(297) ;  whilst  in  the  fusion  of  metallic  wires  we  have  evidence  of 
its  heating  power,  and  in  the  electric  spark  we  see  its  agency  in 
producing  light. 

The  experiments  of  Faraday,  followed  by  those  of  other  philoso- 
phers, have  proved  that  the  motion  of  a  magnet  of  a  given  strength, 
\mder  certain  conditions,  produces,  in  a  closed  metallic  conductor, 
a  definite  current  of  electricity,  and  through  the  electricity  thus 
set  in  motion,  light,  heat,  and  chemical  action  may  be  developed, 
as  is  beautifully  shown  in  the  magneto-electric  machine  (315). 

On  the  other  hand,  heat  may  be  made  to  develop  electricity; 
and  the  thermo-multipUer  (317)  of  NobiU  and  Melloni  shows  that 
the  current  of  electricity  which  is  produced  is  exactly  proportioned, 
C€Bt€ris  parUms,  to  the  amount  of  heat  by  which  it  is  excited. 
The  ignition  of  soUd  matter  shows  that  heat  may  elicit  light  under 
favourable  circumstances.  It  further  appears  that  heat  may  excite 
chemical  action;  and  as  it  may  also  give  rise  to  a  current  of 
electricity,  through  that  current  of  electricity  it  may  produce  the 
development  of  magnetism. 

Light  may  produce  important  chemical  actions,  but  these  actions 
have  only  in  a  few  cases  been  reduced  to  a  form  in  which  they  can 
develop  electricity,  magnetism,  or  heat.  The  definite  connexion  of 
light  with  the  other  forces,  and  the  quantitative  valuation  of  that 
relation  still  remain  to  be  wrought  out.  Indeed,  the  subject 
appears  to  offer  a  field  for  research,  difficult,  because  as  yet  scarcely 
trodden,  though  full  of  interest  and  promise. 

The  reader  who  desires  to  pursue  the  subject  of  the  mutual 
relations  of  different  kinds  of  force,  is  referred  to  an  interesting 
essay  on  the  subject  by  Grove,  entitled  On  the  Correlation  of  the 
Physical  Forces.  Yor  further  information  on  the  other  subjects 
which  have  been  treated  of  in  this  chapter,  in  addition  to  the 
papers  already  quoted,  the  student  is  referred  to  the  important 
series  of  memoirs  by  Faraday,  published  during  the  last  thirty 
years  in  the  Philosophical  Transactions,  which  have  also  been 
reprinted  in  a  separate  form ;  or  to  the  TVeatises  of  Becquerel  and 
De  La  Rive  on  Electricity  and  Magnetism,  and  to  Tyndall's  work 
on  Heat  considered  as  a  Mode  of  Motion, 
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„      lamp,  471,  note 

light,  spectn  o(  173 
shock,  387 

spark,  shadow  of,  534 
„      spectra  of,  165 
telegraph,  534  et  acq. 
Electrical  attraction  and  repulsion,  367 
balance,  394 
condenser,  385 
conduction,  395 
eel,  554 

kite,  Franklin's,  408 
machines,  381 
repulsion  traced  to  induction, 

382 
theories,  373 
theory  of  chemical  attraction, 

497 
Electricity,  animal,  553 

atmospheric,  408 

from  friction,  379 

from  heat,  406 

from  pressure,  405 

of  vapour,  407 

quantity  required  for  chemical 

decomposition,  508 

reflinous  or  negative,  367 

static  and  voltaic,  compared, 

507 
two  kinds  of,  367 

vitreous  or  positive^  367 
Electrics,  372 
Electro-chemical     order     of     elements, 

429 
Electrode,  475 
Electro-dynamic  cylinder,  518 
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Electro-gilding,  506 

Electrolysis  by  ordinary  machine,  507 
definite  amount  of^  478 
„      direction  of,  477 
lawv  of,  475 
of  basic  salts,  486 
of  monobasic  salts,  485 
of  polybasic  salts,  485 
of  salts,  48 1 

secondary  results  of,  491 
supposed  generation  of  ad 

by,  484 
variation  in  £acility  of,  479 

Electrolyte,  475 

Electn^yt^  table  of  classes  of,  485 
Electrolytic  decomposition  of  gases,  53 
Electro-magnetic  action,  law  of,  512 
„  rotations,  521 

„      magnetism,  laws  of,  516 
„      magnets,  how  formed,  515 
Electrometer,  balance,  392 
Coulomb's,  370 
Lane's  discharging,  391 
Pdtier*8,  371 
quadrant,  386 
Electro-motive  force,  428 

„  „       how  measured,  458 

Electrophorus,  383 
Electro-plating,  504 

platinizing,  507 

positive      and     electro-n^gatir 
elements,  429 
Electroscope,  367 

Bohnenberger's,  509,  note 
gold-leaC  369 
single  gold-loa^  426 
Electrotype  moulds,  502 

„  or  voltatype,  500 

Electrotyping  of  non-conductors,  503 
Electrovectiun,  489 
Electro-sincing,  503 
Elements,  non-metaUic,  list  of,  2 
,,        popular  and  chemical,  i 
Endosmosis  of  gases,  105 
„         of  liquids,  82 
Equatorial  magnetic  position,  559 
Equi-diffusivQ  salts,  79 
Kquilibrium  of  temperature,  236 
Equivalent,  chemical,  what,  1 7,  2 1 
Equivalents  of  compound  bodies,  26 

,,  of  elements,  table  of,  19,  2( 

Equivalent  proportions,  law  of^  16 
Ether,  compressibility  of,  41 

„     elastic  force  of  vapour,  328 
„     latent  heat  of,  301 
Evaporation  from  solids,  313 

influence  of  pressure  on,  31 
„       of  surface  on,  314 
limit  of,  313 
of  mixed  liquids,  316 
spontaneous,  317 
Exhausting  syringe,  44 
Exosmosis  of  liquids,  82 
Expansion  by  heat,  force  exerted  by,  2^ 
n  $9       practical  applicatioi 
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Expansion  of  bodies  in  solidifying,  1 14 
Extraordinary  ray  of  lights  193 

Factobs,   Greenwich,  for  wet-balb  hy- 
grometer, ^22 
Fahrenheit's  thermometer,  719 
Faraday's  theory  of  electric  induction,  377 
f,        heavy  glass,  magnetic  polariza- 
tion, by,  556 
Ferricyanide   of   potassium,  electrolytic 

production  of,  495 
Fire-balloon,  343 
Firefly,  139 
Fixed  lines  in  spectrum,  161 

,,     points  of  thermometers,  119 
Flame,  diamagnetic,  561 

,,       its  action  in  dispersing  electri- 
city, 402 
,,       measurement  of  its  temperature, 

549 
„       voltaic  currents  in,  469 

Flow  of  liquids  through  capillary  tubes, 

88  etseq. 

Fluidity,  heat  of,  387 

Fluorescence,  178 

„        mode  of  testing  body  for,  1 80 

Fluorescent  rays,  inactive  spaces  in,  163 

Focus  of  mirror  or  lens,  149,  153 

Force,  indestructible,  569 

„     quantity  of,  definite,  568 

„     transformations  of,  570 

Forces,  molecular,  some  varieties  of,  40 

Formulse,  chemical,  30 

Franklin's  lightning  conductors,  409 

,,        electrical  theory,  373 

Fraunhofer's  lines  in  the  solar  spectrum, 

161 

„  „    KirchhofiTs  theory   of. 

Freezing- machine  by  ammonia,  398,  note 

by  ether,  997,  note 
mixtures,  280 
of  water  in  vacuo,  198 
point   of    water    lowered    by 

salts,  383,  284 
process  of,  285 
French  weights  and  measures,  33 
Friction,  64 

„        development  of  heat  by,  107 
Frog,  Gralvani's  experiment  on,  414 
Fusible  metal,   expands   on  solidifying, 

"5 
Fusing  points,  how  affected  by  pressure, 

281 

of  mixtures  lower,  281 

table  of,  181 

why  fixed,  281 
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Gallon  imperial,  defined,  32 

Galvanism,  414 

Galvanometer,  astatic,  418 

differential,  461 

how  graduated,  419,  note 

principle  of,  417 

Gas  battery,  Grove's,  437 
„    holder,  54 
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Grases,  absorption  of  by  charcoal,  95 

„  adhesion  of  to  solids,  94 
,f  „  to  liquids,  92 

,,  coefficient  of  absorption  of,  93,  94 

„  condensed,  table  o^  329 

„  oonductivi^  offer  heat,  a39 

„  cooling  effects  of,  253,  465,  466 

,,  correction  of,  for  pressure,  55 
i,  „  for  temperature,  228 

,,  desiccation  of,  96 

,,  diamagnetism  of,  561 

„  diathermacy  of,  258 

„  differ  in  electric  insulation,  402 

„  diffiision  of,  97 

,,  effusion  of,  101 

„  elasticity  of,  42 

I,  electric  induction  uniform  in,  394 

„  expansion  of,  by  heat,  217 

„  liquefaction  of,  323,  325 

„  modes  of  drying  them,  97 

,,  passage  of,  through  diaphragms, 

105 
,,     refractive  powers  on  light,  table 

of,  151 
„     solubility  of,  93 
, ,     specific  gravity  of,  how  determined, 

229 
„  „     heat  of,  269 

„     transpirability  of,  102 
„     voltaic  conductivity  of,  469 
Gassiot's  electric  cascade,  534 
Gauge  of  air  pump,  49 
Gauges  for  compressed  gases,  326 
Glaciers,  theory  of  their  motion,  286,  note 
Glaishei^s  tacion  of  wet-bulb  hygrometer, 

322 
Glass,  absorptive  action  of,  on  radiant 
heat,  261 
„      compressed,  effects  of,  on  polarised 

light,  201 
„      conducts  electricityat  red  heat»  468 
„      expansion  of,  by  heat,  314,  223, 

234,  note 
„      specific  heat  of,  265 
Glow-worm,  139 
Gold,  divisibility  of,  4 
Gk>niometer8,  118 

„  Wollaston'a  reflectingi  119 

Gramme,  33 

Gravity  diminishes  towards  equator,  32 
how   applied    to    standards  of 

weight,  32 
specific  (see  specific  gravity),  34 
Ground  ice,  252,  note 
Grove's  voltaic  battery,  441 
Gulf  Stream,  246 
Gutta-percha  insulator  for  electric  cable^ 

526 
Gymnotns,  553 

HABDinss,  Mobs'  scale  of,  60 
Heat  absorbed  during  evaporation,  288 
„        „  „       solution  of  Mdti^ 

354 
„    amount  o(  radiated  firom  the  ran, 

306,  «47»  »79 
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Heat  of  oombioation,  experimentfl  of  An- 
drews on,  336 
, ,  , ,         experiments  of  Favre, 

339       ^ 
,,    conduction  of  solids,  236 

,,    conductivity  of,  .varies  in  different 

directions,  140 

„    convection  of,  341 

„    developed  by  electric  discharge,  396, 

401 

„  , ,      by  voltaic  current,  4 1 6, 465 

„    distribution  of,  in  spectrum,  260 

evolved  by  combination  of  acids  and 

bases,  351 

by  friction,  207 

by  metallic  precipitations, 

348 

f»  t»      by  percussion,  109 

„  ,,      dunng  combustion  of  com- 

pounds, 343 
during  decomposition,  343 
during  moistening,  109 
during  solidification,  187 
during  solution  of  gases,  355 
in  combining  definite,  334 
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,,    general  effects  of,  305 
„    fiktent,  178 

of  gases,  314 
of  liquids,  280 
of  steam,  301 
of  vapours,  300 
„    loss  o(  prevented,  139 
„    measurement  of,  21^  et  8eq. 
„    mechanical  equivalent  of,  207 
„  „         theoiyof,  ail 

„    of  interior  of  earth,  a  10 
of  voltaic  drouit,  473 
opposed  to  cohesion,  63 
,f    raaiant,  diffiaction  of,  263 
„        ,y        effect  of  screens  on,  255 
polarization  of,  263 
reflection  of,  247 
refraction  of,  260 
refrangibility,   change   of, 

263 
relative    absorbability  o^ 

^53 
separation  of,  from  light, 
262 
„    sources  o^  206 
„    specific,  263 

how  modified,  265 
modes  of  measuring,  264 
of  gases,  269 

of  liquids  and  vapours  com- 
pared, 272 
of  solids  and  liquids  com- 
pared, 269 
relation  of  to  atomic  weight, 

272 
rise  of  with  rise  of  tempe- 
rature, 268 
„    unit  defined,  34  c 
Heavy  glass,  magnetic  polarization  of, 
550 
„         9,    dianuignetiBm  of,  568 
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Heights,  measurement  of,  by  boilingpoint, 
294 

Helix,  voltaic,  515 

HemihednJ  crystals,  artificial  productioo 
of,  112 
,,        forms  of  crystals,  124 

Henry's  induction  coils,  5  39,  54 1 

High  pressure  steam,  295 

Holohedral  or  homohedral  forms  of  crys- 
tals, 124 

Homogeneous  or  monochromatic  light,  137 

Homologous  bodies,  what,  344,  note 

Hot- water  oven,  288 

Hydro-electric  machine,  408 

Hydrogen,  cooling  effect  on  red-hot  wire^ 

465 
„         scale  of  equivalents,  18 

„         spectrum  oi,  1 78 

Hydrometer,  38 

Hygrometer,  Daniell's  dew-point,  319 

wet-bulb,  320 
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lOE  expands  in  freezing,  1 14 
,,   formed  by  radiation  in  India,  252 
„    liquefaction  of,  by  pressure,  283,  note 
,,    machines,  297,  note 
„   separation  of  salts  from,  in  freesing, 
107 
specific  gravity  of,  114 
,,       heat  of,  269 
Iceland  spar,  double  refraction  o^  192 
Ignition,  colour  of  light  produced  by,  158 
Impressions  of  light  on  the  retina,  dura- 
tion of,  145 
Incandescence  not  combustion,  1 38 
Inclination,  or  magnetic  dip,  362 
Index  of  refraction,  150 
Induced  currents  fiiom  Leyden  jar,  542 
Induction,  electric,  374 
magnetic,  357 
magneto-electric,  531 
specific,  393 
volta-electric,  530 
Insulating  power  of  gases  for  electricity, 

specific,  402 
Insulation,  electric,  368 
Intensity  of  earth's  magnetism,  364 

„       of  electric  charge,  379 
Interference  of  light,  187 
Iodide  of  mercury,  dimorphism  oi^  133 
Ions,  voltaic,  470 

„     unequal  transfer  of,  488 
Jron,  expansion  of,  by  heat,  223,  227 
„     inactivity  of,  in  nitric  acid,  443 
„     magnetic  induction  of,  357 
„     structure  altered  by  vibration,  1 16 
, ,     specific  heat  of,  265 
Isomorphism,  128 
Isomorphous  groups,  131 

Joule,   experiments  of,   on   mechanicsl 
equivalent  of  heat^  208,  note 

Ejeeper  of  the  magnet,  361 
Kilogramme^  33 
Kilometre,  33 
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Lampblack,  absorption  of  radiant  heat 

by,  254 
Land  and  sea  breezes,  346 
Latent  beat  (see  heat,  latent),  278 
Lateral  electric  discharge,  395 
Law  uf  gaseous  diffusion,  99 
))  ,,         volumes,  28 

„    of  sines  for  light,  151 
Laws  of  chemical  combination,  13 
Lead,  peculiar  expansion  of,  by  heat,  313 
Left-handed  circular  polarization,  103 
Lengthening  of  bodies  while  sounding,  1 43 
Lens,  convex,  153 

Leslie's  apparatus  for  freezing  water,  398 
Leydenjar,  386 

)f       „     theory  of  its  charge,  388 
,f       „     with  moveable  coatings,  387 
Lichtenberg*8  electric  figures,  403 
Liebig's  condenser,  306 
Light,  analysis  of,  by  absorption,  157 
change  of  refrangibility,  179 
chemical  effects  of,   174,   181 
diminishes  as  square  of  distance,  146 
double  refraction  of,   192 
electric,  470 

emitted  during  crystallization,  140 
frequency  of  its  undulations,  186 
of  ignited  bodies,  colours  of,  138 
polarized  (see  polarization),  194 
prismatic  analysis  o^  156 
reflection  of,  147 
refraction  of,  149 
retarded  in  denser  media,  185 
scattering  of,  T48 
sources  of,  138 
theories  of,  140 
total  reflection  of^  153 
„      velocity  of,  185 
Lightning  conductors,  409,  410 

,,         effects  of,  exemplified,  4 to 
„        identity  of,  with  electricity,  408 
Lime  and  its  compounds  less  soluble  in 

hot  than  in  cold  water,  73 
Limpidity  and  viscositv  of  liquids,  67 
Linear  expansion  of  solids  by  heat,  314 
Lines  of  spectrum,  influence  of  tempera- 
ture on,  171 
Liquefaction  of  gases,  323 
Liquids,  adhesion  between,  74 

circular  polarization  of,  303 
cohesion  of,  6j 
compressibility  of,  41 
conductivity  for  heat,  238 
diffusion  of,  77 

efflux  of,  through  fine  tubes,  88 
expansion  of,  by  heat,  214 
latent  heat  of,  280 
specific  gravity  of,  35 
transpiration,  influence  of  com- 
position on,  91 
transpiration  of,  Poiseuille's  ex- 

f>eriments  on,  88 
taic  conductivity  of^  467 
Lithium,  spectrum  of,  179,  173 
Litmus-paper,  6 
Litre,  33 
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Loadstone,  356 

„  origin  of  its  magnetism,  366 

Local  action  in  voltaic  circuit,  437 
Lutes  and  cements,  65 

Magnet,  effect  of  fracture,  359 

influence  o^  on  voltaio  arc,  533, 

537 
marked,  or  north  end,  356 

rotation  o^  round  wire,  533 
Magnetic  attraction  and  repulsion,  357 

batteries,  361 

equator  of  the  earth,  364 

field,  559 

induction,  357 

intensity,  how  measured,  363 

metals,  563 

needle  disturbed  by  aurora,  413 
„       effect  of  current  on,  416 

polarization  of  light,  305,  556 

poles  of  the  earth,  364 

storms,  365 
Magnetism  a  polar  force,  356 

effect  of  heat  00,  36  r 
effect  of  friction,  &c.,  361 
induced  by  electrio  currents, 

416,514  „^  ^. 

not  observed  in  all  bodies,  558 

of  liquid  of  voltaio  circuity 

of  the  earth,  303 
permanent,  359 
temporary,  458 
Magneto-electric  induction,  5  31 
It  »f        light,  547 

„  „         machines,  544 

Magnets,  molecular  movements  in,  5 16 

„         preparation  of,  360 
Manganese,  oxyohloride,  absorotive  bands 
in  spectrum  of,  164 
„  magnetism  of  its  salts,  559 

Malleability  and  ductility,  61 
Manometer,  50 

Map  of  jportion  of  solar  speotram,  177 
Mariners  compass,  356 
Marriotte's  law,  its  failure  at  great  pres- 
sures, 337 
„         law  of  elasticity  of  gases,  43 
Matter  when  burned  not  destroyed^  1 1 
Maximum  density  of  vapours,  313 
Measurement  of  beiffhts  by  barometer,  58 

„  by  boiling-point,  395 

Mechanical  theory  of  heat,  3 1 1 
Medium  for  light,  148 
Melloni's  apparatus  for  radiant  heat,  356 
Melting-points,  constant,  381 

„  effect  of  pressure  on,  383, 

note 
„  table  of,  383 

Mercurial  calorimeter,  347 
„         thermometer,  330 
„  trough,  55 

Mercuiy,  capillary  depression  o^  60 
compressibility  of,  41 
evaporation  of,  313 
freezing  of^  3811  335 


tt 

91 

It 


tt 
tt 


tt 

19 

tt 


tt 
It 


>» 


MER 


580 


PRE 


99 
9f 


99 


*9 


Mercuiy,  frozen  in  red-hot  capsule,  543 

iodide  of,  dimorphism  of,  133 

latent  heat  of,  380 

specific  heat  of^  269 

varjing  expansion  of,  with  tem- 
perature, 233 

water  and  air,  relative  weights 
of,  47,  note 
Metallic  films,  diathermacy  of,  457 
Metallo-chromes,  494 
Metals,  conductivity  for  electricity,  463, 

464 
„  heat,  «37 

diathermacy  of,  957 

expansion  of,  214 

thermo-electric  order  of,  550 
Metameric  bodies,  what,  344 
Metre,  33 
Milligramme,  33 
Millimetre,  33 

Minerals,  artificial,  crystallization  of,  109 
Mirror,  concave,  149 

,,        plane,  148 
Mixture  distinguishedfrom  combination,  9 
Moirie  metallique,  115 
Moistening,  heat  emitted  by,  ^09 
Molecule  distinguished  from   atom,  19, 

note 
Molecular  forees,  40 
Monad  elements,  23 
Moonlight,  lit^  heat  of,  ^62 
Motion  of  particles  by  electric  action,  490 

„      signal  offeree,  569 
Multiple  proportion,  law  of,  14 
Muscular  electric  current,  555 
Musical  notes,  ratio  of  vibrations,  143 

Nabosnt  state  of  bodies,  495 
Negative  doubly  refracting  crystals,  193 
Neutralization,  6 
Newton's  rings,  191 
Nickel,  magnetic,  358 
Nicol's  prism,  304,  note 
Nitrogen,  spectrum  of,  178 
Nitrous  acid,  absorption  bands  in  spec- 
trum of,  164 

„       oxide  evolves  heat  during  decom- 
position, 343 
Nodal  points  and  linef,  143 
Non-metallic  elements,  list  of,  2 
Notation  by  symbols,  30 
Nuclei,  influence  of,    on  ciystallization, 

III 

Oblique  system  of  crystals,  117 
Octohedron,  relation  to  the  cube,  133 
Ohm's  theory  of  voltaic  current,  448 
Oiln,  refractive  power  of,  on  light,  156 
Opacity,  degrees  of,  145 
Optic  axis  of  a  crystal,  193 

,,         relation  to  magnetism,  566 
Osmometer,  83 
Osmose,  81 

„       influence  of  septum  on,  84 

„        negative,  84 

„       positive,  83 


Osmotic  force,  measurement  of,  85 
Oxygen,  magnetism  of,  563 

scale  of  equivalents,  18 
solubility  of,  in  water,  94 
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Paper,  splitting  of^  66 
Papin's  digester,  297 
Paramagnetic  bodies,  563,  note 
Peltier's  thermo-electric  experiments,  551 
Pendulum,  seconds,  length  of,  32,  note 
Perchlorate  of  potassium  formed  by  elec- 
trolysis, 495 
Percussion,  heat  produced  by,  209 
Peroxides  of  the  metals',  voltaic  actions 

by,  433 
Perpetual  snow,  268 

Phosphorescence  of  animal  matter,  139 

„  of  heated  minerals,  139 

Phosphori,  solar,  181 

Phoaphorogenic  rays  of  spectrum,  181 

Phosphoroscope,  Becquerel's,  183 

Phosphorus,  allotropic  modifications  of, 

.135 
„  diamagnetic  powers  of,  560 

Photometer,  principle  of,  147 
Physical    and    chemical     properties    of 
bodies,  2 
„     states  of  matter,  3 
Pitch  of  sound,  142 
Plane  of  polariisation,  197 
Plate  electrical  machine,  382 
Plating  by  magneto-electricity,  547 
Platinized  silver,  voltaic  use  of,  443 
Platinode,  cathode,  or  negative  pole,  477 
PUitinum  black,  its  action  on  gases,  96 
Pneumatic  trough,  53 
Points,  action  of  on  electricity,  380 
Poiseuille*s  experiments  on  Uquid  trans- 
piration, 88 
Polar  forces,  357 
Polarization  by  reflection,  T95 

coloured  circular,  203 

electric,  377 

of  electroMdes,  437 

of  heat,  263 

of  light  by  double  refraction, 

.   '94 
plane  of,  197 

voltaic,  424 

Polarized  light,  colours  developed  by,  199 

,,  ,,      difference  from  common 

light,  197 

Polarizing  angle,  law  of  its  variation,  195 

,,         bundles,  199 

Poles  of  voltaic  battery,  475,  477 

Polymeric  bodies,  what,  344,  note 

Porosity,  illustrations  of,  3 

Porous  diaphragms,  use  of,  439 

Positive  and   negative    electricity,    how 

distinguished,  403 

„         doubly  refracting  crystals,  193 

Potassium,  spectrum  o^  172,  173 

Pound  avoirdupois,  what,  32 

Pressure  gauge,  50 

influence  of,  on  boiling-point,  294 

of  condensed  gases,  curves  of,  330 
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Pressure  of  the  air,  51,  53 
Priine  conductor  of  electrical  machine,  38 1 
Principal  Rection  of  a  crystal,  194.  note 
Prism }  its  effects  on  rays  of  light,  153, 

156 
Prismatic  spectrum,  156 

„        system  of  crystals,  126 
Proof- plane  for  electricity,  378 
Pseudomorphous  bodies,  122 
Pump  for  water,  48 
Pyramidal  system  of  crystals,  1 24 
Pyrometer,  Daniell's,  224 

Qdabtz,  coloured  circular  polarization  of, 
203 
its  value  for  spectrum  examina- 
tion, 181,  183 
right  and  left-handed,  203 
Quinia,  sulphate,  fluorescence  of,  1 79 
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IUdiant  heat,  see  ITeat,  radiant 
Radiant    power  of  heat  proportioned  to 

absorption,  249 
Radiation,  law  of  cooling  by,  252 

,,         of  heat,  247 
Rain,  Hutton's  theory  of,  322 
Ray  of  light,  145 
Reaumur's  thermometer,  220 
Red-cabbage  test  for  aibid  or  alkali,  7 
Reflection  of  heat,  248 

of  light  from  curved  surfaces, 

149 
„         ,,     plane    surfaces, 

147 
„         total,  ofliflfht,  153 

Refraction  at  inclined  surfaces,  152 
of  light,  law  of  sines,  150 

,,       simple,  149 
of  radiant  heat,  260 
Refrangibility  of  light,  change  in,  1 78 
Refractive  index  defined,  150 

power,  effect  of  heat  on,  160 
„      measurement  of,  154 
.  „      of  gases,  151 

Kegelation  of  ice,  285 
Regular  system  of  crystals,  123 
Replacement  of  edge  of  a  crystal,  1x7 
Residual  electric  charge,  395 
Resistance  coils,  457 
Retina,  impression  of  light  prolonged,  145 
Revolving  mirror,  applied  by  Wheatstone, 

400 
Rheostat,  456 
Rhombic  dodecahedron,   relation  to  the 

cube,  123 
Rhombohedral  system  of  crystals,  125 
Right-handed  circular  polarization,  203 
Rock  crystal,  conduction  of  heat  by,  24 1 
Rock  salt,   its   high  diathermic    power, 

256,  260 
Rubidium,   spectrum   reactions   of,    dis- 
covery by,  170 
^  ^n  J,         of,  172,  173 

Ruhmkorff*s  induction  coil,  532 
Rumford*8  experiments  on  heat  of  friction, 
207 
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Salts,  effeot  of,in  lowering  freezing-point,' 

283,  284 
,,       solution  on  boiling  point, 
292 
general  characters  of,  7 
of  magnetic  metals  are  magnetic, 

Saturation,  72 

Scale  of  hardness,  61 

Scales  of  equivalents,  t8 

Scattering  of  light,  148 

Sea- water,  maximum  density  of,  227 

„        freezing-point  of,  227, 284,  note 
Secondaiy  electric  currents,  533,  539 
Seconds  pendulum,  length  of,  32,  note 
Selenite,  colours  of,  in  polarized  light,  199 
Shell- lac,  insulating  power  of,  369 
Snowflakes,  crystalline  forms  of,  109 
Sodium  chlorate,  circular  polarization  by, 
203 
hemibedralform  of,  how  obtained, 

112 
spectrum  of,  172,  173,  178 
sulphate,  electrolysis  of,  483 
,,  „         of,  solubility  of,  74 

Solar  heat  on  earth,  279 
„     spots,  connexion  of  with  magnetism 
of  earth,  365 
Solidification,  expansion  or  contraction 

attending,  iii 
SoUds,  bulk  of,  not  immediately  altered 
by  cold,  228 
„       expansion  of  by  heat,  214 
Solubility  sometimes  diminished  by  heat,  7  3 
Solution,  forces  concerned  in,  72 
Sound,  interference  of  waves  of,  187 
„     produced  during magnetization,5 1 6 
„     the  result  of  undulations,  14 1 
„     varieties  ofj  142 
„      velocity  of,  136,  fu)te,  142 
Sounding,  deep  sea,  58 
Spark,  electric,  oirciunstances  which  in- 
fluence, 403 
Specific  electric  induction,  393 
electricity,  498 
gravity,  34 

of  compound  gases,  how 

calculated,  231 
of  gases,  determination 

of,  229 
of  liquids,  35 
of  powders,  37 
of  solids,  36 

„         lighter      than 
water,  39 
of  soluble  solids,  38 
of  vapours,  232 
heat  of  elements  (see  heat,  spe- 
cific,) 273,  274 
Spectra  of  coloured  flames,  166 

of  gases,  effects  of  heat  on,  177 
„       PiUcker's    experiments 
on,  166 
photographs  of^  174 
projection  of  on  screen,  1 74 
Spectroscope^  168 
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Spaetram  analyBia,  167,  1 68 

chemical  actions  of,  181 

fixed  lines  of,  161 

heat  rays  of,  181 

prismatic,  156 
„        reactions,  delicacy  of,  169 
Spheroidal  state,  332 
Spring,  analogy  with  electric  action,  374 
Springs,  how  formed,  317 
Standard  temperature  for  specific  gravities, 

35 
, ,      pressure  for  gases,  note  pp.  35, 56 

Standards  of  weight  and  measure,  31 

Steam,  electricity  of,  408 

„        hot  bath,  388 

»»       jet»  304 

,,        latent  heat  of,  302 

„        specific  heat  df,  971 
St.  Elmo  s  fire,  412 
Still  and  worm-tub,  305 

„    Coffey's,  308 
Stratified  electric  discharge,  535 
Striking  distance  of  electric  spark,  401 
Strontium,  spectrum  of,  171 

,y  sulphide,  phosphorescence  of, 

185 
Structure,  influence  of,  on  conduction  of 

heat,  241 
Substitution.formation  of  compounds  by,  1 2 
Sufirar,  circular  polarization  of,  203 
Sulphate  of  copper,  its  use  in  voltaic  cir- 
cuit, 439 
,,      of  mercuty,  use  in  telegraphic 

battery,  524 
„       of  sodium,  anomalous  solubility 

of,  74 
sudden    crystalliza- 
tion of,  III 
Sulphur,  allotropic  modifications  of,  134 
, ,         burning,  fluorescent  light  of,  1 80 
,,         dimorphism  of,  132 
,,         vapour,  spectrum  of,  178 
Sulphurous  anhydride,  spheroidal  state  of, 

334 

Sun  spots,  connexion  with  earth's  mag- 
netism, 365 

Symbolic  notation,  30 

Symmetry  of  crystals,  121 

Syphon,  51 

Tablb  of  atomic  and  specific  heat  of  com- 
pounds, 276 — 278 
„        and  specific  heats  of  ele- 
ments, 274 
of  absorption  of  gases  of  charcoal, 

95,  9^ 
of  atomic  weights  of  elements,  24, 

«5 
of  boiling  points,  290 

„      point  of  water  at  diffe- 
rent pressures,  295 
of  bulk  of  vapours  from  equal 

bulk  of  liquids,  303 
of  Cagniard  de  Latour's  experi- 
ments, 328 
of  capillary  action,  67 
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Table  of  oomprossibiHty  of  liquids,  41 
of  condensed  gases,  319 
of  decrease  of   temperature  witk 

altitude,  268 
of  density    of    atr    at    differeDS 

heights,  58 
of  diama^etic  bodies,  563 
of  diathermacy  of  gases  and  n- 

pours,  258,  1.59 
of  solids  and  D- 
quids,  257 
of  diffusion  of  gases,  100 

,,         of  solutions,  78 
ofeffectof  salt9  ou  boiling  point, 29} 
of  efflux  of   liquids  through  fine 

tubes,  91 
of  electro-chemical  order,  429*  430 
of  equivalents  of  elements,  19,  m 
of  evaporation  at  different  seasou^ 

320 
„  in  vacao,  998,  315 

of  expansion  of  gases  by  heat,  21S 
of  liquids  by  heat,  215 
of  solids  by  heat,  314 
of  fusing  points,  18  a 
of  Greenwich  factors  for  wet  bnlb^ 

of  hardness  of  minerals,  61 
of  heat  abfl6rbed  daring  sdatioa 
of  salts,  354 
evolved   during    solution 

of  gases,  355 
given  out  by  combustion 
in   chlorine    and    bro- 
mine, 341 
given  out  by  combostioa 
in  oxygen,  340 
of  increase  of  mean  dilatation  hy 

heat,  223 
of  influence  of   salts  on  boiliog- 

point,  293 
of  intervals  on  musical  scale,  145 
of  isomorphous  groups,  131 
of   latent    and    sensible  heat  of 
steam,  307 
„        heat  of  liquids,  280 
„  ,,     of  vapours,  301 

of  linear  expansion  of  solids  bj 

heat,  214 
of    magnetic    and     diamagnetie 

bodies,  563 
of  range  of  temperatures,  226 
of  refractive  powers  of  gases,  151 

„  power  of  oils,  156 

of  rise  of  specific  heat  with  rise  of 

temperature,  268 
of  solubility  of  gases,  94 
of  specific  heat  of  gases  and  va- 
pours, 270 
of  liquids  and  va- 
pours, 172 
of  solids  and  li- 
quids, 969 
of  temperature  of  high  pressure 

steam,  296 
of  tension  of  vapours,  311,  $19 
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Table  of  thenno-eleotric  order  of  meUh,  5  50 
„      of  transpiration  of  gases,  103 
,,  „  of  vapours,  104 

f,      of  voltaic  conductivity  of  metals, 

463,  464 
„  „  „  of  liquids, 

467,  468 
Tabular  crystals,  relation  of,  to  prismatic, 

Tangent  galvanometer,  512 

TeitUe  de  pasaoffe,  204 

Telegraph,  electric,  524 

Tellurium,  its  high  thermo-electric  power, 

Temperature,  absolute  zero,  280,  note 

, ,  disting^hed  from  heat,  212 

„  increase    of,  at   increasing 

depths  of  the  earth,  210 
,,  table  of  various,  225 

Tension  of  vapours,  311 
Teraular  system  of  crystals,  122 
Tetartohedral  forms  of  crystals,  124 
Tetrad  elements,  23 
Tetrahedron,  relation  to  the  cube,  1 23 
Thallium,  discovery  of,  by  spectrum  re- 
action, 171 
,,        spectrum  of,  172,  173 
Thermochrosis,  or  calorific  tin^  260 
Thermo-electricity,  547 
Thermo-electric   effects,  reversal   o^  by 

heat,  549 
,,  order  of  metals,  550 

,,  thermometer,  549 

Thermometer,  alteration  of  freezing  point 

in,  221 
Breguet*s  metallic,  223 
comparison      of     various 

scales,  220 
graduation  of,  219 
self-registering,  22 1 
tests  of  its  accuracy,  220 
maximum  and  minimum, 
222 
Thermo-multiplier,  551 
Thunder,  410 
Timbre,  142 
Torpedo,  553 

Total  reflection  of  light,  153 
Tourmaline  becomes  electric  while  heating 
or  cooling,  406 
„        polarizing  action  o^  195 
Trade  winds,  245 

Transfer  of  solids  in  voltaic  arc,  473 
, ,        transfer  of  ions  by  voltaic  action, 
476,  488 
Translucency,  145 
Transparency  never  perfect,  145 
Transpiration  of  gases,  loa 
Triad  elements,  23 
Trimorphous  bodies,  133 
Truncation  of  an  angle  of  a  crystal,  117 
Tuning  fork,  141 
Turmeric  paper,  6 

Unannbalko  glass,  action  on  polarized 
light,  202 
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Undulation,  mechanism  of,  144 
Uniaxal  doubly  refracting  crystals,  193 
Unit  of  heat,  208,  note,  341 

„    jar,  Harris's,  391 
Universal  electric  discharger,  397 
Uranium  compounds,  fluorescence  of,  180 

Valtl,  formed  during  electrolysis,  495 
Vapour,  maximum  density,  of,  312 
Vapours,  Dalton*s  law  of  tensions,  311 
expansion  of^  by  heat,  217 
latent  heat  of,  299 
specific  gravity  of,  how  ascer* 

tained,  232 
tension  of,  310 

„       of  saline  solutions,  3 16 
transpiration  of,  104 
Variation  or  declination  of  a  magnet,  365 
Velocity  of  electric  discharge,  399,  401 
light,  186 
„  sound,  142 

Ventilation,  244 
Viscosity  and  limpidity,  62 
Volta-electric  induction,  530 
Voltaic  arc,  469 

„       „     stratified,  538 

„      battery,  Bunsen's,  442 

,  I  „        cause  of  decline  in  power, 

439 
chemical  effects  of,  475, 

etseq. 

Daniell*8,  440 

floating,  520 

gM»  437 
Grove's,  441 

„  „        Smee's,  443 

„      circuits,  compound,  449 

elementary,  414 

simple,  448 
conduction,  how  measured,  461 
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,,  conductivity  of  alloys,  464 

,,  convection,  475 

„  current,  426 
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decomposition  by,  451 
proportioned  to  chemical 
action,  427 
,,  „        resistances  to,  444 

,,      discharge,  modes  of,  459 
„      pile,  421 
Voltameter,  453 

„  counter- current  of,  454 

Wabming  of  buildings  by  hot  water,  243 

„  „         by  steam,  288 

Water,  air,  and  mercury,  relative  weights 
of,  47,  note 
„      barometer,  49 
,,      battery,  510 
„      compressibility  of,  41 

expansion  of  by  cooling,  227 
freezing  of,  in  red-hot  capsule,  334 
frozen  by  its  own  evaporation,  298 
latent  heat  o^  278 
liquid  below  freezing,  sudden  crys- 
tallization of,  1 1 1 
maximum  density  of,  227 
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Water  Doi  ao  dectrol jte,  485 

protected  from  freeing  bj 

maloofl  ezpanmon,  -143 
■epanUion  of  lalte  firom,  in  freex- 

ing.  107 
apecifie  heat  of,  369 
weight  of  cobic  indi  o^  31 
Warea  of  light,  length  oC  187 
Weight  of  a  body,  what,  31 
^        air/how  prored,  47 
„         „    Front's  and  Regnanlt*t  ex- 
periments on,  47 


Weights  and  meaaares,  Englisli,  33 
Weiss's  systems  of  crystala,  132 
Wet-bolb  hygrometer,  321 
Wheatstoae*s,  measorement  of  relodtj  of 

electricity,  400 
Wood,  condnction  of  heat  by,  241 

Zambovi's  pile,  5 10 

Zeolites,    Uto    formation    of,    at    Plom- 

bi^res,  no 
2«inoode,  anode,  or  positive  pole,  476 

„        hottest  in  Toltaio  arc,  473 
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planations of  Appearances  and  Principles 
in  Natural  Philosophy.    Fourth  Edition. 
~3s.6d. 


PABKEB,  BON,  ABD  BOHBK,  WEST  8TBAND. 


Woman's  Rights  and  Duties,  con- 
sidered with  reference  to  their  Effeots  on 
Society  and  on  her  own  Condition.  B7  a 
Woman. 

Two  Yolomei,  Post  OoUto.    14a. 

Woman's  Mission. 

The  Fourteenth  Edition.     2a.  6d. 
By  JoHV  8.  B.  M0V8SLL,  LL.D. 

Spiritual  Songs  for  the  Sundays  and 

Holydays  throughout  the  Year.  Third 
Edition,  rerised.    4t.  6d. 

His  Presence  not  His  Memory.  Is. 
The  Beatitudes.    Abasement  before 

Ood— Sorrow  for  Sin — Meeknen  of  Spirit 
— Desire  for  Holiness — Oentleness—  Purity 
of  Heart — ^The  Peacemakers — Sufferings 
for  Christ.  By  the  same  Author.  Fcap. 
Octayo.    Second  Edition.  Ss.  6d. 


Songs  for  the  Suffering.    By  B«v. 

Thomu  Datu,  M.A.    Foolscap  Ootayo. 
48.  6d. 

Pinocchi,  and  other  Poems.    Crown 

Octavo.    6s. 

Days  and  Hours,  and  other  Poems. 

By  FxBDBuoK  TiHVTSoir.    Foolscap  Oc- 
tavo.   68. 


By  the  Ber.  Chaslbs  Eimmlst. 

Andromeda,  and  other  Poems.  Third 

Edition.    68. 

The    Saint's   Tragedy:    the   True 

story  of  Elisabeth  of  Hungary.    Third 
Edition.    6s. 


Oulita,  the  Serf;  a  Tragedy.     By 

the  Author  of  Frieitdi  in  Chuneil,    6s. 

Kin^  Henry  the  Second.    An  His- 
torical Drama.    6s. 

Nina  Sforza.    A  Tragedy.     By  R. 

ZouoH  S.  TaoveHTOir.  Third  Edition.  2s. 

The  Sea  Spirit,  and  other  Poems. 

By  LxDT  Lu8Bi9cm>K,    48. 6d. 


Arundines  Cami,  sive  Musarum  Can- 

tabrigienaium  Lnsus  Canori.  Collegit 
atone  edidit  HuraiovB  Drubt,  M.A« 
Fifth  and  cheaper  Edition.    7s.  6d. 


By  BiCHABD  Chbvxtix  TxBircH. 

Calderon's  Life's  a  Dream :  with  an 

Essay  on  his  Life  and  Oenius.    48.  6d. 

Justin  Martyr,  and  other  Poems. 

Fifth  Edition.    Ss. 

Poems  from  Eastern  Sources:  Geno- 

Teva  and  other  Poems.     Second  Edition. 
68.  6d. 

Elegiac    Poems.      Third   Edition. 

2s.  6d. 


By  Bbgab  Alvbbb  BowBnro. 
The  Complete  Poems  of  Schiller, 

Attempted  in  English  Verse.     Foolscap 
Octavo.    6s. 

The  Poems  of  Goethe.    Translated 

in  the  original  Metres.    7s.  6d. 


Translated  by  TasoBOU  llAXTnr. 

Vita  Nuova  of  Dante.     With  an 

Introduction  and  Notes.    78. 6d. 

The  Odes  of  Horace,  with  a  Life 

and  Notes.    E(econd  Edition.    Os. 

Catullus.    Translated  into  English 

Verse,  with  Life  and  Notes.   6s.  6d. 

Aladdin.    A  Dramatic  Poem.    By 

AdaX  OlXLlVSOHIiAXaXB.     6s. 

Correggio.    A  Tragedy.    By  Obh- 

LBlTBCHIJkXOBB.    Ss. 


By  the  Author  of  Th§  Stir  qfBtdelgfi. 

History  of  Christian  Names.    Two 

Volumes.    2l8. 

The    Young    Stepmother;    or,    a 

Chronide  ofMistakM.    10s.  6d. 

Hopes  and  Fears;  or.  Scenes  from 

the  Life  of  a  Spinster.      Cheap  Edition, 
One  Volume.  6s. 

Two  Vols.,  Foolscap  Svo,  128. 

The  Heir  of  B^dclyffe.    Thirteenth 

Edition.    68. 

Heartsease,  or  the  Brother's  Wife. 

Seventh  Edition.    6s. 

The  Lances  of  Lynwood.     Cheap 

Edition.    Ss. 

The  Little  Duke.    Fourth  Edition. 

l8.6d. 

The  Daisy  Chain.     Cheap  Edition. 

One  Volume.    6s. 

Dynevor  Terrace.     Third  Edition. 

6s. 
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Grood  for  Nothing;  or.  All  Down 
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Holmbj  House:    a   Tale  of   Old 
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Vols.  PobISto.    16«. 

Digby  Grand.    Third  Edition.    5s. 
(General  Bounce.  Second  Edition.  5s. 
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Hours  with  the  Mystics.  By  Bobert 

Ai.niBD  V&uoHAV,  B.A.  Second  Edition. 
Two  Vols.    12s. 

Eemains  of  Robert  Alfred  Yaughan; 

with  tt  Memoir,  hj  B.  VAvaxAjr,  D.D. 
Two  Vols.,  with  Portrait.    14s. 

Mademoiselle  Mori :  a  Tale  of  Mo- 
dem Home.    6s. 

Gryll  Grange.     By  the  Author  of 

KtadlongMaU.    Small  Octavo.    7s.  6d. 

For  and  Against;  or,  Queen  Mar- 
garet's Badge.  By  FsAircmB  M.  Wzi- 
smAJUiM.    Two  Yolnmes.    10s.  6d. 

Baby  Bianca.    A  Venetian  Story. 

By  Mrs.  YALurriiri.    Foap.  8to.   4s.  6d. 
By  the  Author  of  Dorettjr . 

Martha  Brown,  the  Heiress.    5b. 
Dorothy.    A  Tale.    4s.  6d. 
The  Maiden  Sisters.    5s. 
Still  Waters.    Two  Volumes.    Qs. 
DeCressy.    A  Tale.    4s.  6d. 
Uncle  RalpL    A  Tale.    4s.  6d. 
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The  Gospel  of  the  Pentateuch.    A 

Set  of  Parish  Sermcma.    6a. 

Town  and  Countiy  Sermons.    6s. 
National  Sermons.    Two  Volumes. 

Second  Edition.    lOs. 

The  Good  News  of  God.     Third 

Edition.    6s. 

Sermons    for   the    Times.      Third 

Edition.    as.6d. 

Village    Sermons.     Sixth  Edition. 

2s.  M. 

Miscellanies.  Second  Edition.  Two 

Yolomes.    18s. 

Yeast :  a  Problem.    Fourth  Edition, 

with  New  PreCsce.    Ss. 


By  AjrsA  Hauuxtt  Dbubt. 

The   Inn   by   the   Sea-Side.     An 

Allegory.    Small  Ootato.    Ss. 

A  First  Friendship.  Reprinted  from 

jFV(Mcr'«  Magagimt,    Crown  8to.    7s.  6d. 

Thalatta :  or,  the  Ghreat  Commoner. 

A  Political  Bomanoe.  By  the  Author  of 
Caiarima  •»  Venice,    Crown  8to.    Os. 

Niccolo    Marini,    or   the   Mystery 

Solved.  A  Tale  of  Naples  life.  Two 
Vols.  Crown  8to.    16s. 

Chance  and  Choice;  or,  the  Educa- 
tion of  Cironmstanoes.  7s.  6d. 

Opinions  on  the  World,  Mankind, 
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